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Abstract of Thesis 
After a brief Introductory Section, general methods of character-
ization of starch and its fractions are detailed in Section 2 of this 
work. The methods of chemical and physical investigation employed in 
later sections are reported, and some modifications of general techniques 
proposed. 
Section 3 presents two special techniques devised to facilitate 
later experiments. Firstly, a method of estimation of the starch-content 
of a cereal grain is described. Starch is extracted from previously 
macerated plant material by treatment with calcium chloride solution 
(d = 1.3 g/uil) at 1300 - 1350C. A complete extraction of all starches, 
including those of high amylose-content, is achieved, and the extracted 
starch estimated by  combination of highly-specific enzymes. Secondly, 
an extensively-modified technique of semi-micro, differential, potentiO 
metric iodine-titration is proposed. A simplified electronic circuit is 
described utilizing a digital voltmeter as a null detector. Control 
experiments are described which have established analytical conditions 
allowing the estimation of the iodine-binding capacity of starch and its 
fractions to an accuracy of + 1.5%. 
The next Section describes a number of experiments on amylomaize 
starch. After a short review outlining the outstanding problems, a simple 
method of isolating the anomalous material from this starch is described. 
A partial characterization of this low-molecular weight material was per-
formed and revealed that some of the branched fraction was fundamentally 
different from normal maize aniylopectin. The starch from the pollen of 
amylomaize was examined in detail and shown to be similar in nature to 
the parent endosperm starch. 
In Section 5, the biogenesis of starch in general and barley starch 
in particular is investigated. The character of two barley starch genotypes 
during growth is detailed and this information related to general theories 
of biosynthesis. The nature of compound starch granules in varieties of 
pea and potato is investigated, and a hypothesis concerning the formation 
of starch granules is advanced. 
The final Section of this work, reviews the chemistry of the hydroxy- 
ethyl derivative of starch with special relation to its use as a blood plasma 
expander and cryoprotective agent for human erythrocytes. Serious deficieflCie 
in the present knowledge of this polymer are revealed. The rest of this 
Section presents some experiments performed to clarify these points of 
dispute, a model of hydroxyethyl starch is proposed, and the relevance to 
its intended pharmaceutical use discussed. 
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Starch consists of semi-crystalline, solid granules of density 
ca. 1.5 g/ml which vary widely in shape and range in size from 1 to 
over 100 microns. Starch granules occur in all higher plants, where 
they are laid down in specialized organelles called plastids. In all 
plants starch acts as an energy reserve, and may be arbitrarily class-
ified into two types: 
a) starches with a transient existence, which are regularly 
metabolized, for example, the starches which are deposited in green 
leaves during periods of active photosynthesis and are broken down to 
provide energy during periods of darkness. 
and b) starches which retain their integrity over long periods 
of time, for example endosperm, tuber and rhizome starches; this type 
of starch remains in the plant storage organs over periods of several 
months during which the plant is dormant, to be broken down for energy 
at the initiation of new growth. 
Starches have a high nutritive value and plants rich in starch 
of this latter type are widely cultivated. For this reason, starch 
and its mode of synthesis have been the subject of academic and commer-
cial research for at least two centuries. Despite huge effort and a 
voluminous literature on the subject, the biosynthesis of starch is a 
major unsolved problem, and much is still to be resolved concerning the 
nature of the components of starch and their organization within the 
granule. 
This thesis represents work by the author on several indepen-
dent but related topics in starch chemistry. A historical review is 
not presented separately, as pertinent literature is detailed within 
each Section. The first two Sections detail some new and modified 
1 . 
experimental techniques which, in conjunction with already established 
methods, have been applied to later studies. The nature of amylomaize 
starch is then investigated and some novel conclusions reached. The 
next Section is devoted to a study of the biogenesis of starch, and 
experimental evidence is presented which casts doubts on some earlier 
conclusions reached by other workers in this field. A tentative 
hypothesis is proposed to accommodate this new data. 
The final Section is devoted to a study of the hydroxyethyl 
derivative of starch, which has become of considerable importance 
as a potential ciyoprotective agent for human erythrocytes and a 







Sections 2.1 to 2.3 of this section detail the methods of 
isolation, assay and fractionation of the starches used in later 
sections of this work. 
Parts 2.4 and 2.5 detail methods of characterization of the 
starch fractions by enzymic and physical techniques. 
Section 2.6 details the methods used to characterize granular 
starches involving measurement of such properties as microscopic 
appearance, granule size distribution and gelatinization temperature. 
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2.1 Isolation of Starch 
Starch must be tisolated in a high state of purity before 
fundamental characterization may be carried out. The isolation 
of cereal starches, the subjects of much of this thesis, presents 
several problem;for this type of starch occurs firmly occluded in 
a protein matrix within a well-defined, cellular structure. Isolation 
of the starch involves initially separating the starch from the cell-
wall material then subsequently removing the adhering protein. 
The cereal kernels were softened by extensive steeping in 
0.Olh mercuric chloride, to inhibit enzymic attack and prevent germ-
ination. 'Jhen only a small amount of starch was being isolated, the 
softened kernels were macerated in a high-speed blender in 0.O1M mercuric 
chloride then screened through 150 p mesh then 75 V mesh nylon screen to 
remove fibre and cell wall debris. An electric meat-mincer was employed 
to process large quantities of grain when required. The grain was passed 
through a series of diminishing mincer sizes until a mash of porridge-
like consistency was obtained. fibre was screened off as above. This 
type of preliminary extraction was shown by Banks and Greenwood (197 2 ) 
to be superior to dry milling, as little physical damage was inflicted 
on the starch. 
The adhering protein was removed by the method of Greenwood and 
Robertson (1954). The starch slurry was shaken vigorously by hand for 
several minutes, with a tenth volume of toluene. The protein was 
physically denatured at the toluene-water interface and floated into 
the supernatant toluene layer, whilst the starch readily sedimented in 
the aqueous phase. It was found that a considerable amount of starch, 
ca. 	in the case of some legume starches, was physically entrapped 
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in the protein-toluene layer. Recovery was effected by decantation of the 
toluene layer, dilution with several volumes of water and violent agitation 
of the mixture with an air stream. Several treatments of the toluene layer 
were required to remove all bf the starch. Repeated shaking of the starch 
with toluene in this mariner eventually yielded a white starch which had a 
nitrogen content <0.03%, i.e. on the borderline of estimation by the semi-
micro Kjeldahl technique employed. In contrast to earlier workers, starches 
were not subsequently defatted by soxhlet extraction with hydrophilic sol-
vents since this markedly changes many of the granular properties e.g. see 
Banks (1960)  on the leaching of ainylose. 	hen necessary, fat was completely 
removed by dissolving the starch in methyl suiphoxide then precipitating the 
starch with alcohol. The effectiveness of this technique is discussed in 
detail in Section 3.3, pp. 76. 
Typical analyses for two representative wheat starches isolated by 
the above technique are shown in Table 2.1. Similar analyses are shown 
for two commercially-available wheat starches. It is at once obvious that 
labor atoxy-isolated starches have much lower levels of physical damage, as 
measured by the method of Stewart (1966) arid considerably lower protein con-
tents. Adkins and Greenwood (1969b) have demonstrated quite convincingly 
that lower levels of chemical damage are caused by this type of purification 
procedure than by that used in commercial practice. 
2.2 Assay of Purified. Starch and its Fractions 
Starch may be completely converted to glucose by a careful hydrolysis 
either by dilute acid, or by a specific enzyme, and the liberated glucose 
estimated by a large number of techniques. In this work, starch and frac-
tions thereof were routinely estimated by dissolution in methyl suiphoxide, 
thenhyd-rolyzed enzymically by amyloglucosidase to glucose which was subse-
quently assayed using a coupled glucose oxidase_peroxidase_chrornOgefl system. 
5. 
Table 2.1 
A Comparison of Starches Isolated by the Techniques Detailed in 




7 1heat (ex va-r. Joss Cainbier) 11.45 0.03 0,8 
Wheat (soft Australian) 9.30 0.02 0.7 
Wheat (commercial English) 12.05 0.08 12.3 
1heat (commercial Australian) 9.30 0.09 27.3 
i) 1ioisture content, heated for 16 hr at 102 9C. 
Measured by Kjeldahl technique. 
Measured by method of Stewart (1966). 
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Reducing sugar was measured by the alkaline-ferricyanide method. These 
techniques are detailed below, and some observations on the complete 
hydrolysis of starch with acid are reported. 
(a) Enzymic Hydrolysis 
Amyloglucosidase ( a-1:4- •glucan glucohydrolase) was kindly 
supplied by Dr. I. D. Fleming, Glaxo Research Ltd., Stoke Poges, Bucking-
hamshire, It was dissolved in distilled water ( 1 mg. per ml.) to 
yield a solution of activity = 14 units per ml. (1 unit = 1 micromole 
of glucose liberated per minute from soluble starch at ph 4.6 and 370C), and 
this stock solution was stored at 2 0 - 4-00 	The starch or fraction there- 
of was dissolved in methyl suiphoxide and a digest prepared thus: 
i) Starch or polysaccharide to give a final glucose concentration 
ca. 1-2 mg. per ml. 
Acetate buffer 0.Th, ph 4.8-4.9 such that 0.031d < final 
buffer concentration <0.025M. 
Stock enzyme solution to give a final concentration of not 
less than 0.1 unit per ml. 
The digest was stored. at 370C in an incubator overnight and aliquots 
withdrawn for glucose assay. In cases where the starch fraction was 
particularly unstable in aqueous solution, a ten-fold increase in amylo-
glucosidase concentration was used, and the polysaccharide in methyl 
sulphoxid.e was added to an already buffered solution containing -amylase 
[250 units per ml. ; the unit of activity being that defined by Greenwood, 
MacGregor and Liilne (1965)) . 	By this technique, the polysaccharide is 
rapidly reduced to a low degree of polymerization where stability in 
solution is assured. 
(b) Estimation of Reducing Sugar 
Several different methods of estimating reducing sugars are 
available, but the method of Adkins et al (196 9) has proved in routine 
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use to be reliable and of high accuracy. In this technique, reducing 
sugar is reacted with alkaline ferricyanide for 15 minutes in a boiling 
water bath. The ferrocyanide so formed is then titrated in acid condi-
tions with ceric sulphate using xylene cyanol FP indicator. The method 
was calibrated with solutions prepared from anhydrous glucose and maltose 
monohydrate (Kerfoot, Biochemical Reagents). Linear calibration curves 
were obtained in the range 0.5 - 3 mg glucose per ml and the corresponding 
range for maltose. The following calibration constants, identical to 
those of Adkins et al (1969) were determined and used in all estimations 
of reducing power. 
Glucose 	: 0.329 mg/ml 0.01 N Ceric Sulphate 
3Vialtose 	: 0.425 mg/ml 0.01 N Ceric Sulphate 
In agreement with Adkins et al (1969), methyl sulphoxide to 11 (v/v) 
in the original sample was found to have no effect on the reducing values 
obtained. 
(c) Specific Estimation of Glucose 
iiany of the enzymic techniques detailed later in this section 
depend on the specific estimation of glucose in the presence of other 
polyglucans including maltose. This work utilises some of the methods 
detailed by Banks and Greenwood (i97ld),based on the principles suggested 
by Kesten (1956) that the coupled enzyme system of glucose oxidase-peroxid.ase 
acting in the presence of a suitable dyestuff was suitable for the specific 
micro estimation of glucose. 
The enzyme glucose-oxidase specifically catalyses the oxidation 
of -D-glucopyrarxose to 6-gluconolactone which spontaneously hydrolyses 
to gluconic acid. Glucose oxidase is a flavo-protein, containing the 
flavine adenosine dinucleotide (FAD) moiety. 	This is reduced by the 
abstraction of two hydrogen atoms from carbon Cl on the glucose ring, 
and subsequently reacts with dissolved atmospheric oxygen to generate 
hydrogen peroxide. In the presence of the enzyme peroxidase, this 
hydrogen peroxide is used to oxidize a colorless solution of 0-
dianisidine dihydrochioride to a chromophore which is spectrophoto-
metrically estimated. This scheme is shown below 
Glucose 	ô-gluconolactonc 	i gluconic acid 
PAD 	j FADH 
FADE2 +2 	FAD + 11202 
11202 + 0-dianisidine dihydrochloride peroxidase chromophore. 
In this work, the following enme/buffer/chromogen system was 
employed : Glucose oxid.ase (35 mg; Type II ; Sigma Chemical Company), 
peroxidase (3.0 mg; Type II; Boehringer Corp.) and 0-dianisidine 
dihydrochioride (20.0 mg;"Anala t reagent) were dissolved in tris-
glycerol buffer as detailed by Banks and Greenwood (1971d). This buffer 
system is designed to inhibit the maltase activity present as a contaminant 
in commercial preparations of glucose oxidase, and allows the estimation 
of glucose in the presence of maltose. 
An aliquot (i.o ml) of the glucose solutions containing 5-55 ug of 
glucose was incubated with the enzyme-chromogefl mixture (2.0 ml) for 80 
minutes at 3700 in hard-glass stoppered tubes. The reaction mixture 
was cooled in ice-water and sulphuric acid (4.0 ml, 24 N) added. The 
rsulti-ng color was estimated in a "Hilger" Spekker, using 1 cm cells and 
filter no. 605, i.e. 5500 X. 
The system was calibrated using standard glucose solutions and 
was always found to yield a linear relation between amount of glucose 
and color produced for solutions containing 5-55 ,09 glucose. The linear 
graph passed through the origin, but was found to vary by a few percent 
( 5) over a period of several days. A standard glucose solution was 
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prepared (ca. 1 mg per ml, saturated with benzoic acid to prevent 
bacterial growth) and aliquots, suitably diluted, were used as standards 
with every set of assays. 
(d) The Iydro1ysis of Starch with Dilute Acid 
The observation of ;Iarshall and VEhelan (1970) that certain prep-
arations of purified anrlog1ucosidase did not effect total hydrolysis 
of starch, necessitated the examination of new preparations of that enzyme 
before routine use. Soluble starch (potato, acid modified) was hydrolysed 
with sulphuric acid (1.5 N; 2 hours; boiling water bath), and the glucose 
deteimined using glucose-oxidase as detailed in the previous section. A 
similar hydrolysis was carried out using the amnyloglucosidase preparation, 
and glucose was estimated in the same manner. In all cases, recovery of 
starch, by acid hydrolysis to glucose, was significantly less (96.5 - 97.5) 
than that recovered by enzymic means. This at first sight seemed to 
support the observations of Pirt and Whelan (1951) and Marshall ,  and Whelan 
( 1970 ) that a significant amount of (1.5 - 4.c) glucose is destroyed by 
acid hydrolysis of starch. However, when the sugar was assayed by estim-
ation of reducing power, an apparently complete recovery (99 - io) was 
observed, in agreement with Adkins et al (1969). To resolve this apparent 
anomaly, the following experiments were performed. 
(i) Maltose monohydrat e (1.81 mg/ml) in H 2SO (1.5 N) was hydrolyzed 
on a boiling water bath for a period of four hours. Samples were withdrawn 
at various time intervals, and glucose was estimated by the specific glucose-
oxidase technique, after a suitable dilution with buffer and addition of a 
predetermined amount of potassium hydroxide to bring the pH to ca. 6.0. 
The following result was found : 
	
Hydrolysis Time (hours) : 1.5 
	
2 	3 	14 
recovery of maltose 	99.3 
	
99.5 99.8 99.0 
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It is clear that no significant destruction of maltose or 
glucose occurs between 1.5 and L- hours, and under these conditions 
hydrolysis is effectively complete. 
Linear amylose (ca. 0.11g, Tapioca ; {}1t = 99%) was 
dissolved in methyl suiphoxide (3.0 ml) overnight to yield a gel-free 
solution. This solution was made to 100 ml and 1.5 N with respect to 
H2S0,tkenhydro1yzed on a boiling water bath. At various time intervals, 
samples (2 ml) were removed, and cooled rapidly by transferance to a 
thin-walled glass test tube irmersed on an ice bath to freeze the reaction. 
A sample of cooled digest (i ml) was added to an appropriately buffered 
solution {(]% v/v), acetate buffer 0.1 lvi, pH 4.8, containing the required 
amount of NaOH for neutralisation. 	Glucose concentration was then 
estimated enzymically as detailed in part 2(c) of this section. A sample 
of the amylose solution had been extracted before commencement of hydrolysis 
and was estimated by enzymic means, after hydrolysis with amyloglucosid&s€. 
as detailed in part 2(a) of this section. The recovery of amylose was 
expressed as a percentage of that recovered by enzymic hydrolysis and is 
shown as a function of hydrolysis time in Figure 2.1. It is clear that 
hydrolysis is complete in less than 90 minutes and that there is excellent 
agreement between enzymic and acidic techniques for hydrolysis of axnylose. 
Freeze-dried amylopectin (ca. 1.05 irg/m1 potato) was 
hydrolyzed as above by the enzymic method, and by acid hydrolysis, the acid 
hydrolysis being monitored by glucose production. A curve of percent 
conversion as a function of hydrolysis time is shown in Figure 2.2. The 
curve is divided into two distinct regions; an initially-rapid hydrolysis 
resulting in 9 conversion (almost identical to that of amylose) within 
60 minutes, followed by a slow secondary process which reached total con-
version in 180 minutes. At 120 minutes, the standard hydrolysis time of 
11. 



















30 	 60 	 90 


















75. 	 A6 
- ------ - -- . - - -- - - - - 
50. I I 
I , • AMYLOPECTIN 




0 	- - 
	
60 	







Adkins et al (1969), only 97. conversion had been achieved. This 
experiment was repeated and an almost identical result was obtained 
with 97/'L' 7 conversion at 120 minutes. It would seem that under the 
conditions employe d in this hydrolysis, since destruction of glucose 
had been ruled out, and complete hydrolysis of polymers consisting of 
residues linked by onlya-1:4-bonds confirmed, that the c-1:6-bond, 
present in the branched material was significantly more resistant to 
acid hydrolysis. 
hydrolysis curves for glycogen (ca. 1.0 mg/mi, Oyster 'ive 
B.D.H. Biochemical Reagent) with approximately 	( -1:6-1inkageS and 
dextran (MV! - 100,000) with approximately 10Cb c-1:6-lirikages are also 
shown in Figure 2.2. These curves confirm the suggestion that the 
a -1:6-linkin branched glucans is much less susceptible to hydrolysis 
with 1.51N H2  so than the a-1:4-glycosidic bond. To prove this hypothesis, 
the following experiments were performed. Amylopectin was hydrolyzed 
under the conditions detailed above for 90 minutes, by which time, in 
amylose, all the a-1:4-links have been hydrolyzed. The hydrolyzate 
was neutralized with barium carbonate and excess barium ion removed by 
treatment with cation exchange resin (i. R. i-, H+ form). The salt-free 
solution was reduced in volume, ten-fold, on a rotary evaporator and the 
concentrate freeze-dried. The white product was dried at 700  in vacuo 
overnight. 
The material was tn-methyl silylated, in pyridine, by the method 
of Sweeley et al (1963) and the sample analyzed by gas-liquid chromatography. 
Analysis conditions were : 
Chromatoraph : "Pye" 104; flame ionisation detector. 
Column : llf' glass, " I.D., packed with "Chromosorb W", acid 
washed, IMS treated, coated with silicon gum rubber (3% S.E. 52, available 
"Phase Separations", Deeside Industrial istate, Queensferry, Flintshire). 
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Carrier gas : Nitrogen 55 ml/min- 
Samples : 5 jail of solution of sample dissolved in pyridine. 
Temperature Programme : i) isothermal at 186 0C for 10 minutes 
. 
rapid heating ca 4.0
0  C per nun to 2520C 
isothermal at 252 0C. 
This temperature programme was found by experiment to give an 
excellent separation of maltose and isomaltose standard compounds. A 
typical chromatogram is shown in Figure 2.3. for a standard mixture of 
glucose, maltose and isomaltose. Superimposed is the trace for the 
partial hydrolysate of amylopectin. No maltose was detected, but a 
small amount of isomaltose was present. This isomaltose may have arisen 
from one of two sources : 
i) as residual c_1:6-linked glucose units from the branch points 
of the original polymer, or 
2) by acid reversion i.e. by recombination of glucose residues 
under acid catalysis to form isornaltose de npy. 
Since, under the conditions employed in this work, no destruction 
of glucose was evidenced in the hydrolysis of maltose, it seems certain 
that the isomaltose detected in the latter stages of hydrolysis was 
residual from the original polymer structure. It was however necessary 
to explain why the method of Adkins et al (1969) gave apparently complete 
recovery of starch, whilst enzymic assay and gas chromatography have 
shown that, after 2 hours hydrolysis on a boiling water bath, the conditions 
employed by Adkins et al (1969), some 2.5 - 3-Ylo of the polymer remains 
unhydrolysed as isomaltose. A very likely explanation lies in the method 
of estimation of the reducing sugar. The alkaline_ferricYanide reducing 
agent employed, in this reaction is highly non._stoichionhetric and, in 
addition, the stoichiometry varies between glucose and maltose. Consider 
15. 
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a mixture of 977o glucose and Ylb isomaltose, and assume that isomaltose 
does not differ very greatly from maltose in its stoichiometry in the 
alkaline ferricyanide reaction. Using constants found in part 2(b). 
1 mg glucose = 3.01+ nil 0.01 N. ceric sulphate. 
0.97 mg glucose = 2.95 ml 0.01 N ceric sulphate 
0.03 mg maltose = 0.07 ml 0.01 N ceric sulphate 
i.e.0.97 mg glucose + 0.03 mg maltose = 3.02 ml 0.01 N ceric 
sulphate. 
The difference between a) and b) is 0.02 ml or 0.6. This is 
very close to the limits of accuracy of the ferricyanide technique ( .Ra  
± 0 .5%) and explains the apparently complete hydrolysis of starch. In 
this present work, a hydrolysis time of 3 hr was invariably used when acid 
hydrolysis was used to completely hydrolyze starch to glucose. 
It is noteworthy that this work confirms the observations of Adkins 
et al (1969) that negligible destruction of glucose occurs during this mild 
hydrolysis. This technique would seem to offer some distinct advantage 
over those methods employed by iarshall and Whelan (1970) and by La Berge 
and Lieredith (1970.) where considerable glucose loss (ca 4o) was said to 
occur. In the method employed in this work, the polysaccharide was always 
put into neutral solution, either by boiling in water in the case of freeze-
dried axnylopectin or, in the case of amylose, as the but anol-complex, or 
by dissolving the starch in methyl sulphoxide then diluting with water, 
before acid hydrolysis was carried out. This method involves no initially-
heterogeneous system which has high local concentrations of polysaccharide - 
a condition known to promote acid-catalysed recombination of glucose. 
2.3 Fractionation of .[hole Starches 
Detailed studies of the fine structure of starch fractions require 
complete separation of the fractions from the parent starch with as little 
modification of the native polymer structure as possible. Slight modification 
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affecting on average only one residue in ten amylose molecules 
(Degree of polymerisation -104), have been shown by Banks et al. 
(1959) to occur if precautions are not taken to exclude oxygen from 
fractionation mixtures. Such artificial barriers introduced in 
fractionation may seriously depress the susceptibility of the polymers 
to attack by exo-enzymes. 
Two methods of fractionation have been employed in this work - 
aqueous leaching and aqueous dispersion. The former method, shown by 
Cowie and Greenwood (1957) to yield pure amylose from potato starch, is 
used in Section 4 to obtain samples of anomalous material from amylomaize 
starch, and is detailed in the appropriate part of this work. All other 
starch fractions were obtained by aqueous dispersion techniques. These 
involve separating the starch components by complete dissolution then 
preferentially complexing the amylose component. 
hilst tuber starches, such as potato and tapioca, readily 
dissolve in boiling water to yield molecular dispersions, the cereal 
starches do not. A specific pre-treatment using liquid ammonia e.g. 
Hodge et al (1948) or methyl suiphoxide e.g. Banks and Greenwood (1967b) 
is necessary to disrupt the granular structure before complete dispersion 
is attained. Both methods are equally effective, but methyl suiphoxide 
pre-treatment is preferred only where small quantities ( < 5g) are being 
fractionated, since impractically-large volumes of solvent would otherwise 
be required. Pretreatment was carried out as detailed bel 
a) Liquid ammonia pretreatment 
As described by lodge et al (1948), liquid ammonia (100 ml) was 
added to the starch (10-15 gm) in a Dewar flask. After standing some 
30 minutes, the mixture was poured into ethanol (500 ml), and allowM to 
stand overnight in order to permit evaporation of ammonia. The starch 
18. 
was removed by filtration, and washed with ethanol several times. The 
resulting "non-granular" starch was used in aqueous dispersion. 
b) 'ietyl-su1phoxide pretreatment 
As described by Banks and Greenwood (1967h), the starch was 
dissolved by stirring in methyl sulphoxide (concentration ca. 
adjusted to yield a viscosity such that mild shear occurred between the 
granules). Ethanol (3 vols.) was added to precipitate the starch, and 
the precipitate removed by low-speed centrifugation. Repeated tituration 
with ethanol yielded a finely-divided "non-granular" starch which was sub-
sequently used in fractionation. 
The non-granular starch, prepared as above, was then separated 
into predominantly branched, amylopectin, and predominantly linear, 
amylose, fractions. Although this separation may be achieved by selective 
retrogradation (Liaquenne and Roux (1905)} , electrophoresis {Samec et al 
(1941)) , adsorption chromatography {Fisher and Settele (195L4.), Ulmann 
and ilendt (1954)1 the method suggested by Schoch (942) of selective complex 
formation and precipitation is the most successful yet devised. Polar 
organic substances complex readily with arnylose to form insoluble complexes. 
which are readily recrystallized from water to yield pure amylose 
fractions. If, however, primary separation is not complete, the branched 
amylopectin fraction is not freed from linear contaminant and aibseqient 
treatment is usually futile. To reduce this effect, Greenwood and 
Robertson (1954)  used thymol as the initial pa'ecipitant. Fractionation 
in this work was carried out as follows 
"Non-granular" starch was slurried in a little cold water, and 
added to boiling deoxygenated water to give a concentration of ca. 0 .5%. 
After boiling 1 hr, in a nitrogen atmosphere, the solution was allcwed to 
cool to 600c, and powdered thymol (i gm per litre solution) was added. 
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After standing 72 hr at room temperature, the amylose-thymol complex 
was removed by centrifugation (2.5 x 103g, 20 minutes) and recrystallised 
three times from hot, saturated butanol solution. The aipernathflt fluid, 
obtained after removal of the thyniol-complex, was extracted, in a 
separating funnel several times, with diethyl-ether to remove the 
residual thymol. The aqueous layer was reduced ten-fold in volume on 
a rotary evaporator and the concentrate freeze-dried. 
Amylose was stored as the but anol-compleX, and amylopectin as 
the lyophilized solid. All fractions prepared as above were readily 
soluble in hot water to yield clear stable solutions. 
2.4 The Enzymic Characterisation of Starch and its Fractions 
It is well established that most native starches may be regarded 
as heterogeneous mixtures of two quite distinct polymer species. These 
are an essentially-linear material, generally known as amylose, and an 
essentially-branched fraction known as amylope ctjn. 
Amylose was first shown to be essentially linear by the methylation 
studies of i.eyer et al (1941), a fact established by showing that the 
degree of polymerisation ( 	of naize, and later potato, amylose was 
the same when measured by both end-group assay and osmotic pressure. 
Hess et al (1940,b) in similar studies, suggested that potato amylose was 
slightly branched, but Jriassid and LicCready (192+3) confirmed the original 
observations of Meyer and his co-workers. Potter and hassid (195 1 ), 
using a periodate oxidation technique of somewhat limited sensitivity, 
suggested that some amyloses may bebranched. 
The use of the exo-.enzyme -amylase apparently proved the linear 
nature of amylose - treatment of the polysaccharide with this enzyme 
resulted in quantitative conversion to maltose. As this enzyme degrades 
amylose from the non-reducing end of the molecule by the stepwise removal 
of maltose units, a linear chain of -1:4-1inked glucose residues 
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appeared to be the only possible structure. Peat et al (1949) 
reportM that crystalline -amylase from sweet potato converted only 
ca. 8 of amylose into maltose. These workers (1952 a, b) then 
showed the presence, in soya-bean -amylase, of an impurity which they 
called Z-enzyme, that rendered ajnylose susceptible to complete hydrolysis 
of purified -amylase. The nature of Z-enzyme became a matter of some 
dispute, for whilst Peat and co-workers (1952c, 1953) claimed it to be 
a -.g1ucosidase, Hopkins and Bird (1953) suggested that Z-enzyme was 
merely a weak a-amylase. The problem was solved by Banks et al (1960) 
who selectively inhibited -amylase in a mixture containing Z-enzyme, 
and showed that the action pattern of Z -enzyme was indistinguishable 
from that of ct-amylase. Subsequent work by Banks and Greenwood (1967) 
has shown that the limited degradation of native amyloses by purified 
-amylases is almost certainly due to the presence of long-chain 
branches linked by c-1:6-branch points to the main amylose chain. The 
extent of hydrolysis (u)-limit) of an anylose has been shown by Greenwood 
and Thomson (1962 and Geddes et al (1965) to depend on the maturity of 
the starch from which the amylose was obtained. This may be a factor 
of some significance in the biosynthesis of starch. 
Whilst the fine-structure of anlose is now well defined, that 
of the branched starch fraction, axnylopectin is still somewhat obscure. 
kethylat ion studies, i.e. methylation followed by acid hydrolysis to the 
monomer units and subsequent identification thereof, established that 
aniylopectin was composed of ct-D-glucose uhits linked by both a-1:4- 
and c-1:6-1inkages. The average chain-length was established as ca 25. 
The isolation of small quantities of isomaltose by iiiontgomeiy 
et al (1949) and panose by Thomson and !o1from (1951) from partial acid-
hydrolysates of amylopectin established a structure composed of short 
chains 	= 25) of a-1:1.-linked glucose residues branched through 
carbon-6 by ct-1:6-bonds. 
21. 
'8 tv1IrcX3dX w 	 trçq.tt Tcfloc1 aq.Tnb st a.Tn4oruqs 
	
zAI r8pToqq. uioij exn4edap 4ietiq q.no p9trçod 	-t (796i) qouxi 
-alqvua!~un axe spoui 
jo qqoq stsiq sçqq. uj 	'cuTJtrc 0 4 G30TO oeJ  U-MW a:V i" 	-i TPow 
tPT 	isUWA oxz o. sop o -qx trçto :y ire q -rpoui 
OMeII 	 SLOS •• 	mct Jo uo-p.odsu1 	sueio-g pt.m - ij 
jo sxoqwnu Tenbo oxe axa toçtt irç (°,A,, ?-OT) aan qoni4s Jv poqou-eaqaa  
ii? .XOJ podx 	eq oq. csOp SA (ogT) sO.iOq.SW PTXe 
950q.pU.r jo 	pirqwoo atlT, 	• strr8to E 	 axa& StIeOnI .xtto 
rc sirçstp V TrcTJo 	Jo sqns IaA 	 pu --EP 'U 
puTqo GaGA 	 tçt pire soxqo.iew pire oo.1ew 
'soerr 	Aqowotp - eooxeqo Jq s.onpod at1q. p exeds pue autgoua--d 
t -t& 	oT.oiVux jo trrxxp vcurcT-V aLlq. 	 (9c61' 3 96i 
soq.- m o. 	 jo 	5 pq.xauoo 	pVwe-. g qttq. uoi.xsqo 
Gill tT& ustsuoo s 	ttoTwA - pouT os.çJ .XOUI e OtteApe oq. (076T) 
PTGJt11 	PT1 	'[ Pt-OTT ST 	ue o-piSzuo JO U?AP 
,auoq72?uTaaa ,q, -8 psodoxd (Lc61) uuuxsrtH pu 	u- pn 	 .reinOour 
JO GSOTnITao PUS U OOTRU JO SGtTSOOStA atlq. JO UOStiethUOO dccj 
{(L1761) 	IOMeI} EflIOUI aLlq. JO UOt4.USJcIJ 	EcIUIOO e q o. ppurç 
q.ou slem q .-nq 'seue uoT 12ci1ux jo s.ins.x GLlq. urdx o (Lc6 -E) - 
iq.IoM 	cq podod sLaiik aanpruls P 5 -'T'T 9-tLIJ 	 UT woqs gala 
puei.x.e aq Jeui suSqo 	o1opcu LpT'qjA WE sm& -[SJAs 
cInx-pu 	trOnpax axj e s -ç.x.xo 
J[GSI tJOtt& pus 	qO 	.XS SUTe Lp .XG.O tlOTi[A&  O. UO ST UTtt9-O V PUS 
fuitp quao -eepla us o4 dno.i2 pu-uionpx sç Aq poe44s JTost sç qOTtM 
pus pGtOe14s St S=110-V aioui JO 9UO LJOTUIIA O. GUO St TrrSqo- 5 
pu-u-çoripJ sq.T kq ic-ruo aTnoaTom oTql O. pUTt T UTtO-V UV 	? 
tnTh1 uT WAOS are GCLc. UStO Gsauj 	• UToo-Ecur U 9CtS sod 
















Figure 2.5 	amylopectin structure 
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and in addition suggests that some chains may teiminate within the 
interior portions of the molecule giving rise to "buried" chains 
resistant to enzymic attack. {French (1957)1. 
Recently, the validity of the "Meyer" type structure has been 
questioned by Gunja-Smith et al (1970a). These workers reduced the A-
chains and external portions of B-chain to uniform two-unit stubs by 
the consecutive action of muscle phosphorylase and -amylase. The 
molecule was then debranched by an isoamylase from Cytophga known to 
be unable to remove Ct_maltosyl residues linked 1-6 to the parent chain. 
{Gunja-Smith et al (19700.1 	This type of action on the Meyer 
structure can be seen by inspection of Figure 2.5 to yield glucans 
which are resistant to the subsequent action of6-amylase. This was 
not found to be the case, since ! 	of the debranched limit-dextrin was 
hydrolysed by 8-amylase to maltose. 
Gunja-Smith et al (197 0a) have proposed another type of branched 
structure consistent with these results and shown in Figure 2.. These 
same authors have also examined the unit-chain profile of glycogen, 
amylopectin and a synthetic polysaccharide bearing some similarity to 
amylopectin. All three were found to be quite dissimilar - a surprising 
observation in view of the widely accepted concept that only the average 
chain-length distinguishes the structure of glycogen from amylopectin. 
It would seen that the fine-structure of emylcpectin is still 
a matter of some considerable doubt, but, fbr the purposes of this work, 
the widely accepted Meyer structure with dichotomous branching and the 
modification thereof by Gunja-Smith et al (197 0a) are regarded as being of 
equal validity. 
From the foregoing description of the stiuctuies of aniylose and 
amylopectin, it is apparent that any characterization of the starch 
fractions should if possible 
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i) 	describe the relative amounts of amylose and ainylopectin 
determine the amount of totally-linear material present 
estimate the amount of long-chain branching of the aniylose 
and Li) describe the branched structure of the amylopectin. 
All these may be done by utilizing the following enzymic techniques :- 
A. Measurement of Hydrolysis by 8 -Arnylase 
The extent of hydrolysis of a starch fraction by crystalline 
8-amylase is a measure of external chain-length, for this enzyme removes 
maltose units by stepwise degradation from the non-reducing chain-ends 
to within either two or three units of the first branch-point encountered. 
Estimation of 8-ainylase activity 
The unit of 8-amylase activity used in this work was that defined 
by Hobson et al (1950)  i.e. the amount of enzyme which when incubated 
for 30 minutes at 35 0C will liberate 1 mg of maltose from a stardard 
digest prepared as follows : soluble starch solution (0. 6,1, -U- , 25 ml), 
acetate buffer (pH 4.6, 1 ml) and enzyme solution (1 ml). The enzyme 
concentration was adjusted so as to produce 10-20 mg. of maltose during 
the period of incubation. 
Estimation of B-anwlase limit 
A digest was prepared as follows acetate buffer (2.5 ml, 
pH 4.8, O.JJ'I, 8-amylase (0.1 ml; 10,000 units/ml), polysaccharide 
solution in methyl suiphoxide (3 ml; o.) and distilled water to 25 ml. 
After incubation overnight at 37 0C, the reducing power of the liberated 
maltose was estimated by the alkaline ferricyanide method. Aliquots 
(i ml), in triplicate, of the master digest were hydrolyzed with acid 
as detailed in Part 2(d) of this section, and the liberated glucose 
estimated by the alkaline ferricyanide technique. The  8 -limit may 
then be calculated from : 
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- wt. of polymer liberated as maltose x 100 
{8}lt 	total wt. of polymer as maltose in digest 	, 
or using the appropriate calibration factors for the alkaline fern-
cyanide technique. 
- titre (ml) of digest 	x 100 	x 1.375 t 
{0 1 1t; 	titre (ml) of digest after acid hydrolysis 
Measurement of hydrolysis by 8-amylase and Z-enyme 
Banks, Greenwood and Jones (1960) established that Z-enzyme was 
a weak c-.amylase, and demonstrated that the concurrent action of 8  -amylase 
and Z-enzyme was to canpletely hydrolyze natural amylose, with long-chain 
branches, and 8-limits of less than lCXo, to maltose. Since amylopectin 
is not significantly attacked by low concentrations of Z-enzyme, and its 
-limit is identical to its { 8 + Z } limit (i.e. extent of hydrolysis by 
concurrent action of -amylase and Z-enrme), it is possible to compute 
the amount of amylopectin contaminant in an impure ainylose as follvs 
100 - fg+ Z} limit of mixture 
, ainylopectin impurity = 	 x laO/c 100 - { a + 
} 
limit of amylopectin 
A convenient source of Z-enzyme is to be found in crude, cereal -amylase. 
To measure { + Z } limits, a digest was prepared identical to that for the 
measurement of the 8-limit but with the addition of ca. 5 mg of crude 
cereal 8-amylase. The digest was incubated and assayed by the same 
procedure employed for measurement of the 8  -limit. At this concen-
tration of Z-enzyme, no measurable increase in the 8  -limit of amyio-
pectin could be detected. 
Extent of Conversion by R-amylase and Pullulanase 
Pullulanase is a debranchi.ng enzyme which hydrolyses the 
cri :6-bond in amylope ct in, glycogen and pullulan {Manners (1971)) 
hen used concurrently with 8-amylase, it allows the complete hydrolysis 
of amyl-aceous polymers, containing only a-1:4- and a-1:6-links, to 
maltose. It was found convenient to check the efficiency of -amylolysis 
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by routinely estimating the extent of conversion of the starch fractions 
by concurrent action of -amylase and pullulanase. Digests were prepared 
by taking aliquots of solution used for assay of -limit and adding 
pullulariase {O.05 ml, units per ml. where unit is defined by Gun.la- 
Smith et al (1970) Jand incubating this digest for 36 hr at 37 0C. 
iVialtose was estimated as above. If the 	+ 	
limit (i.e. extent of 
conversion by concurrent action of -anylase and pullulanase) was sign- 
ificantly different from lOO, the enrmic assays were examined in detail 
for experimental errors. 
D. Measurement of Average Length of it-Chain 
If the assumption is made that branched, starch polysaccharides 
have a random distribution (i.e. ec.ia1 numbers) of odd and even lengths 
of chain, then the average chain-length may be found by examining the 
products of the concurrent action of a -amylase and the debranching enme 
pullulanase. Pullulanase has been shown by Abdullah et a]. (1966) to 
specifically lyse the o -1:6-bonds in mylopectin, rendering the whole 
polysaccharide molecule susceptible to the action of -amylase. At 
high concentrations, the 8-amylase will convert (i) chains having an even 
number of D-glucose residues into maltose, and (2) chains having an odd 
number of units into maltose and one molecule of fl-glucose. By utilizing 
the method of Banks and Greenwood (1971a), this glucose may be specifically 
estimated, in the presence of maltose, and hence the average length of 
unit-chain maybe readily determined. 
Chain-lengths were estimated by preparing digests as follows 
polysaccharide solution in methyl suiphoxide (0.10 ml; 5-9), -amylase 
(0.35 ml; 10,000 unit/ml), glycerol-acetate buffer (75 glycerol; 25 
acetate buffer pH 4.8, 0.1M; 0.60 ml), pullulanase (0.05 ml; 8 
units/mi), water (0.90 ml). The digests were incubated for 36 hours 
at 3700, and liberated glucose was d.etexmined by the glucose oxidase- 
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peroxidase technique described in part 2(c). An aliquot of the master 
soin. (i.o ml) was diluted with water to 
50 ml and a digest prepared 
as follows diluted polysaccharide solution (2.5 ml), acetate buffer 
(1.0 ml; pH 4.8, 0.1 ii), arnyloglucosidase (0.2 ml; 16 units/ml) and 
water to 10 ml. This digest, which provided the total polysaccharide 
concentration in the original solution, was incubated for 48 hrs at 35 0C, 
and the glucose liberated was estimated enzymically as above. 
The chain length, CLri was calculated from : 
- total weight of polysaccharide 
n - .ieight of glucose liberated x 2 
E. Detection of Short-Chain, Linear Material 
Banks and Greenwood (19o) have devised a scheme where linear 
material may be detected in a heterogeneous mixture of branched and 
unbranched starch fractions. The basis of this method is that - 
amylolysis of a branched starch fraction can yield only maltose and a 
residue of high molecular weight, whilst a -amylolysis of a linear amylose 
results in complete hydrolysis of the material. If the amylose has a 
random distribution of odd and even chains then, as in chain-length 
determination, glucose will be produced from half of the amylose chains, 
i.e. those initially containing an odd number of glucose residues. 
Linear material was detected by determining whether glucose 
was liberated in the following digests : polysaccharide solution in methyl 
suiphoxide (0.20 ml; ca 10.), _amylase (0.35 ml; 10,000 units/mi), 
glycerol buffer (75 in acetate buffer ph 4.8, 0.li:i; 1.60 ml) and 
distilled water (0.95 ml). These digests were incubated for 48 hrs 
at 370C. Any glucose liberated and the total polysaccharide concentration 
were measured as in the chain-length determination. 
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2.5 Physical Characterization 
In this work, the molecular size of starch fractions has been 
estimated by viscosity measurements in dilute solution. Although the 
enzymic techniques detailed in the preceding section give much inform-
ation on the branching structure of starch fractions, no information 
is given of molecular size or shape. 
The viscometric technique is based on the property of a 
macromolecule that when dissolved it greatly increases the viscosity of 
the system, and this increase is proportional to the volume the molecule 
occupies in solution. The experimentally-available characteristics used 
were the specific viscosity ( n) and the viscosity number ( r s9t) 
Because of the non-ideal behaviour of starch fractions in solution, the 
viscosity number is a function of concentration. This concentration 
dependence is overcome by using the limiting viscosity number {r}, which 
is the value of the viscosity number extrapolated to infinite dilution 
i.e. 
{n} = urn 
C—,0 	 ) 
or since the specific viscosity is related to the relative viscosity 
rel by the following relation : 
71 s =n re  _u) 	(ii /n ) 
no 
where n and no are the viscosities of the solution and solvent respectively, 
then 
{n} = urn (inn re1 )/c 
C--90  
The limiting viscosity number is related to the molecular weight 
of the polymer by the empirical hark-Houwink relation 
{ri} = K iv a 
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where }d is molecular weight and 1: and cLare experimentally det eim med 
constants. 
The interpretation of the experimentally-derived values for 
K and has been possible, for linear polymers, by the application of 
a mathematical treatment based on the theory of the "random or drunkards 
walk" {see Flory (1953) }. 	 This treatment regards the polymer as a 
C 
series of conneted vectors with random direction and provides the 
relation that the mean square end-to-end separation of the chain ends 
is proportional to the number of steps, i.e.  degree of polymerization 
of the chain. This treatment regards the polymer molecule in a highly 
simplified way since mathematical vectors may be self-intersecting, 
whilst the polymer segments may not occupy space points already occupied 
by polymer segments. In reality, the polymer occupies a larger volume 
than that of its mathematical counterpart, as a result of this excluded 
volume effect. 
The volume a molecule occupies in solution depends on its shape, 
the degree of branching, and solvent-polymer interaction. Before any 
information may be gained above these properties, it is necessary to 
arrange experimental conditions such that the "excluded volume effect" 
is cancelled and the polymer behaves as its mathematical counterpart. 
This is done by working in a 'Theta-solvent (e -solvent). In such a 
solvent, polymer-polymer attractive forces exceed polymer-solvent 
attractive forces, the molecule contracts, and the excluded volume effect 
is cancelled. 
In a 0-solvent, certain conclusions may be drawn from the 
exponent in the Mark-Hotvink relation, i.e. 
{ii} = 
If u. = 0.5 the molecule is an ideal random coil; 
if a < 0.5 the molecule is branched to some degree and; 
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if a> 0.5 the molecule either deviates from statistical behaviour or 
is "free draining". Rod-like molecules such as cellulose exhibit this 
type of behaviour. 
In "good" solvents, polymer-solvent interaction is favoured, 
the molecule expands and the observed value of a increases. 
Various treatments are available dealing with the interpretation 
of hydrodynamic data obtained in good solvents, but their validity had 
recently been questioned by Banks and Greenwood (1971a). 
The behaviour of starch fractions in various solvent systems 
has been well documented by Banks and co-workers. The Mark-Houwink 
equations for amylose in various solvents given by Banks and Greenwood 
(1968a, 1968b) are 
1.51 x 10 11 W 
o.62 
KC1 	= 	1.15 x %O 	i;i;• .0.50 
{n}KOH 	= 8.36 x io 	0.77 
where 	{n} llIS0 = limiting viscosity number in methyl su1phcide 
{n} KC1 	= limiting viscosity number in 0.33 M KC1 
{n} KOH 	= limiting viscosity number in 0.15 M KOH 
and11 is the weight-average molecular weight. 
Thus the molecular weight of a linear amylose may readily be 
established by viscosity measurement in one of a number of solvents. 
Banks (1960) has also established a relation for branched amylose 
fractions between viscosity and molecular weight. As would be expected, 
for a similar molecular weight the branched amylose has a lower viscosity. 
In this work, viscosity measurements have been used for the intercanparison 
of series of samples, and where a molecular weight of a branched fraction 
was required this was obtained by light scattering measurements carried 
out in collaboration with Dr. J. Banks. 
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Experimental Procedure 
A modified Ubbelohd-e viscometer of the type shown in Figure 2.6 
was used. This viscometer has a side arm at the end of the capillary 
which breaks the liquid flow to form a 'suspended level" and reduces 
kinetic energy corrections. The pressure head is independent of the 
volume of liquid in the viscometer, and so a bulb incorporated at the 
bottom of limb I (Figure 2.6), enables dilutions of the solution to be 
made directly in the viscometer. 
In a capillary viscometer, the absolute viscosity is given by 
n = A.d.t. b. d/t 
where d is the density of the liquid and t is the flow time for a given 
volume. A and B are constants. The term B. d/t  is a correction for 
the energy remaining in the liquid as it leaves the capillary with finite 
velocity. This was shown by the methods of Greenwood (1964) to be 
negligible for the viscometers used in this work. 
If kinetic energy corrections are negligible, for solvent 
no  = A d0 t o and for solution r = Ad1t where ii, d and t, with the 
appropriate subscripts, are the viscosity, density and flow-time for 
solvent and solution. For dilute solutions i.e. C 0.005 g/rnl d = d o 




n SP can be readily evaluated from two flow times. The viscometers 
used in this work had an average shear-rate of 200 sec {Banks et al 
(1968) 
}. 
Viscometers and solutions were placed in thermostat baths at 25 0C 
+ 	0 - 0.05 . All apparatus was washed with chromic acid and dried with dust-
free solvents. The viscometer was loaded with dust-free solvent, 
filtered through fritted glass (GL), directly into the bulb on limb 1 
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Figure 2.6 modified ubbelohde viscometer 
M 1 -------- -
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(Fig. 24). Limb 2 was stoppered and liquid was pushed into bulb A by 
applying slight positive pressure on limb I. \lhen liquid was past 
the upper meniscus (it), pressure was released, the stopper removed 
from limb 2 and the flow of liquid between the menisci M1 and M timed 
to the nearest 0.05 sec using a 10 sec sweep stopwatch. Determinations 
in practice were reproducible to 0.1 sec. A dilution series was obtained 
by adding by pipette polymer solution through limb 2. For each dilution, 
ii 	and n ,C were determined, axid{n}was evaluated by a plot of r sp 	sp/ 	 sp- 
as a function of concentration. No difficulties were encountered in. 
the measurement of viscosity in methyl suiphoxide or dilute (0.15 Li) 
potassium hydroxide solution. The concentration of polysaccharide 
was measured by enzymic hydrolysis to glucose and subsequent glucose 
determination by methods described in detail in part 2 of this section. 
2.6 Granular Characteristics 
(a) Nicroscopic Appearance 
Certain precautions must be made if true and representative 
photomicrographs of. starch granule populations are required. The starches 
investigated in this work ranged in size from 40 v  in the case of some 
barley samples to ca 1 tj in the case of pollen starch from amylomaize. 
In addition, some mature samples of barley starch had granule size 
distributions spanning this range. 
Representative sanles were obtained by thoroughly mixing the 
starch granules under examination with a glycerol-water (1:1, v/v) 
mixture to restrict Brownian motion, then spotting a drop of this 
homogenous suspension on a microscope slide. 
Granule size distributions were obtained by measuring directly 
starch granule size from enlarged photomicrographs. The magnification 
factor was obtained from a similarly enlarged photomicrograph of a 
calibrated slide.Light microscopy at the magnification required. (ca. 
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500 diam.), suffers from the defect of having limited depth of focus. 
This meant that if the Largest granules in a population (>14-0 u in some 
cases) were in focus the smalle st granules ( < 5 1., ) were completely out 
of focus. This difficulty was overcome by taking two photographs of 
the same field with the small and large granules alternatively in focus. 
To overcome potential errors due to the uneven stretching of 
photographic prints during the drying process, a calibrated slide was 
enlarged and printed by the standard technique, and then printed at 
right angles. This method allowed detection of any errors due to 
printing manipulation. Photomicrographs were processed by courtesy of 
Mr. C.H. Groves, F.I.S.T. , ii.R.S.H. 
(b) Gelatinization Temperature 
Starch granules exhibit optical anisoipy when viewed between. 
crossed polars. The birefringence cross seen under such conditions is 
typical of spherulitic crystallisation, and the negative sign of bire-
fringence implies that the bodies which scatter light have their major 
axis of refractive index arranged in a radial manner. As a suspension 
of starch is heated in water, the starch granules swell, and over a range 
Of several degrees the birefringence dissappears. This is due to the 
disruption of the ordered regions which cause light to be scattered. 
Thilst the exact nature of this gelatinization process is unknown, it 
may be regarded to a first approximation as a "melting point". 
Gelatinization temperature was measured on a Kofler hot-stage 
microscope by the method of Watson (1964). A starch sample was slurried 
in water at a 0.1 - 0.2% concentration. A small drop of this suspension 
was spotted onto a microscope slide, and surrounded by a continuous and 
contiguous ring of high-viscosity mineral oil. A cover slip was then 
dropped on in such a way that the aqueous drop was completely surrounded 
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by an oil barrier with no bubbles under the cover glass. The oil 
barrier prevents the escape of water and stops the penetration of 
air channels under the cover slip. A uniformly-distributed field 
of about icc granules was viewed, and heating commenced at a rate 
of 2C per minute. The number of granules having lost their bire- 
fringence was estimated as a function of temperature. The Birefringence 
End Point (B.E.P.) was taken as the temperature at which fifty percent 
of the granules were no longer birefringent. Samples were evaluated 
by triplicate determinations and agreement was within 1 °C. 
(c) Scanning Election Microscopy 
The technique of scanning electron microscopy, developed by 
0atly and Smith (1955), provides a convenient method of examining the 
surface detail of starch granules and has the merit of providing photo-
graphs with great depth pf focus. 
The scanning electron microscope is based on the principle that 
a beam of electrons, emitted by a heated tungsten filament, is focussed 
by condenser lenses into a fine electron beam which is projected onto 
the specimen. A schematic representation is shown in Figure 2.7. The 
electron beam is scanned on a raster in a similar manner to that of a 
television set. Electrons reflected and scattered by the specimen are 
collected and recorded by a sthntilation-photomultiplicatiOn system and 
the signal is amplified and produces an image on a cathode ray tube, 
In normal operation, the electrons reflected from the specimen may be 
divided into two classes - primary electrons, with energies near to that 
of the primary beam which arise by reflection and secondary electrons 
with energies <50  volts which are emitted fran the specimen surface by 
excitation. In this work, images were produced using secondary electron 
emission. The nature of this secondary emission is such that the specimen 
must be completely coated by a conducting layer, or a build up of charge 





Figure 2.7 	scanning electron microscope 
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Starch granules, by nature of their shape, present several 
problems when coating with a conducting layer. These problems were 
overcome by using a technique developed by Evers and Green (1972). 
The starch was deposited from water on a standard aluminium stub, and 
coated with gold-palladium using vacuum deposition. The starch was 
then transferred using double-sided adhesive tape to another stub. This 
operation ensured that the underside of the starch granules on the stub 
were conducting. A second layer of gold-palladium was then deposited, 
on what originally had been the underside of the starch granule s, to give 
a continuous conducting layer. The samples were then examined using a 
"Steroscan III" instrument (made by "Cambridge Scientific Instruments 




SPECIAL EXPERI1iENTJL T ECHNIQUES 
IN STARCH CHEMISTRY 
Section 3.1 
Summary 
This section describes two special techniques which have been 
developed to allow further information to be gained concerning the 
nature of starch and its biogenesis. 
In the first part, a new technique is described which allows 
the determination of starch-content in small amounts ( - 20 mg) of 
biological material. The method is completely general, being applic-
able to all types of starch i.e. from the waxy varieties to those of 
high amylose-content. 
In the second part, an extensively modified apparatus is described 
for the measurement of the interaction of starch and its components with 
iodine. The experimental conditions governing the reaction have been 
examined in some detail, and a technique is proposed which allows the iodine-
binding capacity of the ainylaceous polysaccharide to be measured with a 
hitherto unattainable deg:'ee of accuracy and reproducibility. 
+0. 
Section 3.2 
Analysis of Starch in Biological :ateria1 
Introduction 
As a cereal grain matures, the amount of starch laid down 
increases over a fairly short time interval. The synthesis and 
deposition of reserve starch has been observed in various cultivars, 
for example, in dent corn byV(olf et.al . (1948), in sweet corn by 
Maywald et.al . (1955),  in barley by Harris and Mac-William (1958) and 
in rice by Rosario et.al . (1968). The increase in starch-content 
would appear to be a useful measure of the maturity of the cereal grain. 
A survey of existing techniques detailed in extensive reviews 
in Radley (1953), Kerr (1950) and in the uOfficial  Methods of Analysis 
of the Association of Official Agricultural Chemists" (1965)  failed to 
reveal a method which satisfied the criteria demanded in this present 
work. 
Several novel problems arose and it was necessary that 
(i) the estimation of starch be applicable to the genetic 
mutants of barley, pea and maize characterised by 
their apparently high amylose-contents, and 
(2) the estimation be applicable on a semi-micro scale, 
i.e. on 7.5 - 20 mg gf cereal flour (allowing, 
when required, the assay of the starch content of 
single berries). 
The method of Clendenning (1945), based on the polarimetric 
assay of starch extracted by calcium chloride from flour, was not 
applicable on a semi-micro scale. Adkins and Greenwood (1966d) have 
shown that the method of Hassid and Neufeld (1962~), by which starch is 
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extracted by perchloric acid, selectively precipitated with iodine 
as the starch-iodine coniplex, hydrolysed with acid and subsequently 
estimated as glucose, is inferior in the case of starches of high 
aniylose-content to a careful, physical extraction of starch on a 
quantitative basis. The methods of Thivend et,al. (1965) and 
Donelson and Yamazaki (1968; 1969), which employ  hot-water treat-
ment to solubiize starch prior to estimation, are also inapplicable 
to the starches of high amylose-content since these starches only go 
into complete solution in water at temperatures in excess of 100 0C. 
To overcome these defects, a technique has been devised which 
allows the assay of small samples of biological material with facility 
and accuracy. A complete extraction of starch from a flour was 
achieved by treatment with hot calcium chloride solution. The 
extracted starch was selectively and completely degraded to glucose 
by amyloglucosidase, and the liberated glucose was estimated by the 
highly specific coupled glucose oxidase-peroxidase system of Banks 
and Greenwood (1971d). 
Experimental Liethod.s 
Sample Preparation 
Whole, sound, representative berries of the cereal were ground 
in an agate mortar and pestle to pass a 40 mesh per inch sieve. The 
flour was carefully mixed to ensure a homogeneous distribution of 
endosperm and husk, then dried overnight (20-26 hr) at 70 0C in a thermo-
stat vacuum oven (Townson and Mercer). 
Soluble Sugar Extraction 
Dried flour (7.5 - 20.0 mg) was accurately weighed (to 0.05 mg) 
into a graduated, hard-glass centrifuge tube (10 ml). Flour particles 
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adhering to the sides of the tube were carefully washed dawn with 
cold ethanol (ca. 3 ml) and the wetted flour compacted by centri-
fugation. The ethanol-wet residue was extracted three times with 




 C; 5 ml) to remove soluble sugars. 
Calcium Chloride Extraction 
Calcium chloride dihydrate was dissolved in water to give a 
0 
solution with a density of 1.30 g/ml at 20 C as measured by hydro-
meter. The solution was centrifuged until crystal clear and glacial 
acetic acid was added to adjust the pH to 2 (B.D.H. universal paper). 
This solvent (1.0 ml) was added to the centrifuged flour 
residue, and the mixture was stirred very carefully with a glass rod 
to give a uniformly-fine suspension. After adding a few porous chips 
for even boiling and a little cetyl alcohol to prevent foaming, the 
centrifuge tubes were immersed in an oil bath at 130-135 0C for a 
period of 15 minutes from the time that the mixture started to boil. 
During this boiling time, material around the sides of the tubes was 
periodically scraped dawn with a glass rod, and a constant volume was 
maintained by the addition, dropwise, of distilled water. 
Enzymic Digestion of Extracted Starch 
After cooling in air to 200C, potassium hydroxide (0.05M, a 
predetermined volume ca. 2.4 ml) was added to bring the pH of the 
mixture to 4.6 - 4.8. Amyloglucosidase (14 units per ml, 0.5 ml) 
and ct-amylase (250 units per ml, 0.1 ml) were added, and after gentle 
stirring, the tubes were immersed in a water bath at 47-48°C for a 
period of 3 hours with occasional stirring. After completion of the 
enzymic digestion in this time, the contents of the centrifuge tube 
were carefully transferred, with copious washings of distilled water, 
into a 250 ml graduated flask, and made up to volume with distilled 
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water. The solution was then filtered through a "Whatman" No. 1 
filter paper, the first 30 ml of filtrate being discarded, and 
20 ml portions were collected for glucose assay. 
Glucose Assay 
A modification of the glucose assay technique employed in 
Section 2, was required because the sulphuric acid used to 
protonate the chromogen formed insoluble calcium sulphate in the 
presence of calcium chloride. The following procedure was adopted : 
Portions of the enzymic digest of starch extract (containing 
10-55 jg of glucose) were pipetted into glass-stoppered, boiling tubes 
and glucose-oxidase/peroxidase/chromogen mixture (2 ml), prepared as 
detailed in Section 2 , was added and the contents of the tube 
thoroughly mixed by shaking. The digests were incubated at 350C 
for 80 minutes. Hydrochloric acid { (7M), prepared by diluting 
concentrated acid (150 ml) to 250 ml with distilled water } (Li- ml) 
was added, the mixture shaken and the optical density of the resulting 
solution measured in a spectrophotometer ( A = ca. 5500 .) in 1 cm 
cells. The amount of glucose present was determined from the absorb-
ance by means of a previously constructed calibration curve. 
Calculation 
Percentage Starch = (0.D. x C. F. x D. F. xO.90 x 100) 
Sample weight (mg) x 1000 
or if dilution is 250-fold, 
Percentage Starch = (0.D. x C.F. x 22.5) 
Sample wt. (mg) 
where O.D. = optical density of solution 
F. = calibration factor (in Vg) 
F. = dilution factor. 
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Control Experiments 
Donelson and Yainazaki (1968), Anderson and Uhl (1963) and 
Fraser and Hoodiless (1963) have all emphasised that a certain 
critical size is required for efficient extraction of starch. In 
cereal flours of large particle size (> 50u) the starch is embedded 
in a protein matrix and this exercises a protecting effect by slowing 
down diffusion of the starch-solvating agent. It was confirmed that, 
unless the cereal flour was ground to pass a 2+0 mesh sieve, starch 
extraction was incomplete. 
The optimum temperature for the extraction was established 
at 130°C. Microscopic examination of carefully washed (hot water) 
residue, stained with iodine, revealed blue-staining matter below 
this temperature, whilst at temperatures much in excess of 130 00, it 
was difficult to avoid spurting from the analysis tube with a subse-
quent loss of material. 
In agreement with Clendenning (192+5), a pH of 2.0 was found 
to be optimal for extraction. Above pH 3.0, the efficiency of the 
extraction was variable and occasionally incomplete. Below pH 2.0, 
no adverse effects were observed, but difficulties were experienced 
in buffering solutions. 
As shown in Tables 3.1(a), (b), recovery of a standard starch 
(potato) was optimal when a heating time of 15-20 minutes was employed. 
At this optimum time of 15-20 min at (at pH 2.0 and 130° C) 
recovery of glucose (Kerfoot; biochemical reagent grade) in four 
separate analyses was 99.3, 101.8, 99.6 and 99.Efj7o. This was 
convincing evidence that a negligible destruction of glucose occurred 
in the analysis under the specified conditions. 
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Table 3.1(a) 
Analysis of Standard Potato Starch 
(Courtesy of Mr. H. V. Hart, F.R.I.C.) 
Moisture 	= 13.6 
Ash 	 = 0.26% 
Protein 
(N x 5.7) 	= 0.04% 
Ether extract = 
4 03% Purity = 86% 
Table 3.1(!?) 
Percentage 
Heating Starch Theoretical 
Time Recovery Recovery 
10 min 82.6% 96.3 
15 min 85.% 99./; 
20 min 85 - OP 99.($ 
30 min 83.6% 97.L% 
LQ min 8 0. 6 
Lf 6. 
To establish the time required for complete degradation of 
starch to glucose, a sample of barley flour was extracted as above, 
and the extract was treated with the mixture of hydrolytic enzymes 
for varying periods of time. As can be seen in iigure 3.1, amylolysis 
was complete within 130 minutes. For routine assay, an incubation 
time of 180 minutes was chosen. 
An alternative procedure may be used if a rapid assay is 
not required. After cooling the calcium chloride extract to room 
temperature, the solution was transferred quantitatively to a standard 
flask (250 ml) with distilled water and amylog]ucosidase (1.5 ml; 
activity 14 units/ml) and acetate buffer (25 ml; 0.11M; pH 4.8) were 
added. The pH of this digest was adjusted to pH 4.6 - 4.8, where 
necessary, by the addition of KOH (0.0514). The solution was then 
incubated at 350C for 15 hours and after filtration the glucose was 
estimated as detailed earlier. 
ivialtose (Kerfoot, biochemical reagent grade) and soluble 
potato starch (B. D.H. analytical grade) gave recoveries of 99.6% 
to 99.7%. The concentration of an amylopectin solution was deter-
mined, by the analytical technique of Adkins et.al. (1969), involving 
acid hydrolysis and estimation of reducing power, the result so obtained 
was found to be identical to that given by this new assay. 
Comparison with Established Techniques 
The semi-micro assay was compared with the 2.59-scale tech-
nique of Clendenning (1945) and the 200 mg scale assay of Hassid and 
Neufeld (1964). 
A calcium chloride extract was prepared as detailed by 
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using a "Perkin-Elmer" Automatic 1 141' polarirneter. 10 cm, water-
jacketed cells were used to measure the rotation at A = 5890 1 of 
the extracted solutions. The specific rotation, (cz}D 0 for a number 
of starches isolated by the method outlined in section 2 , was 
measured, using an enzymic technique to assay starch concentration. 
Results for four starches are shown in Table 3.2. These experimental 
values were used for calculations in the polarimetric method. 
Reducing sugar was measured by the alkaline ferricyanide 
method (see section 2.3) in the procedure of Hassid and Feufeld 
(1961+). 
Results and Discussion 
The starch content of a variety of cereal flours was measured 
by the semi-micro techniqua. Typical results are shown in Table 
3.3. Individual results showed a reproducibility of t 1.5%. 
A comparison of established techniques with the semi-micro 
method is included in Table 3.3. The perchioric-acid method was not 
applicable to amyloxnaize starch {Adkins and Greenwood (19661)) but 
otherwise the agreement between this method and the semi-micro tech-
nique was good, notwithstanding the tedious and time-consuming nature 
of the perchioric-acid method. 
In the case of the polarimetric assay, many of the results 
were appreciably higher than those obtained with the semi-micro method. 
Enzymic assay of the solutions used in the polarimeter eliminated this 
discrepancy, suggesting the presence of a non-amylaceous dextro-
rotatory material. 
The semi-micro method developed here may be used to assay 
native starch in almost any biological material with a high degree 
of accuracy- . 
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Table 3.2 
The Specific Rotation of Pure, Laboratoxy- 
Isolated Starches in Calcium Chloride Solution 
Specific 
Starch 	 Rotation 
Barley (var. Ymer) 	 + 2000 
Regular Iviaize 	 + 2040  
Potato (var.Pentland Crown) 	 + 204 
0 
Miylomaize (Apparent arnylose 7/o) 	+ 200° 
Specific Rotation 	 (y• x 100 
lxc 
where a is the observed angular rotation in 
degrees 
1 is the cell length in decimeters 
c is concentration of starch in grams 
per 100 ml. 
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Table 3.3 
Representative Results for the Starch- Content (%) of Various 
Cereal Flours Obtained by the Semi-Micro Method and a Compari-
son with Other Assay Procedures 
Cereal Grain 	 Assay Method 
Semi-1 ) 	2) 
micro {ct)D 	Enzymic 	HC1O 
Barley (var. Ymer) 59.3 65.2 60.2 59.5 
Regular Maize 65.5 69.3 65.8 66.7 
Wheat 64.0 67.0 63.8 63.3 
Mylomaize (7(Y 	aixj1ose) 60.0 58.6 58.0 
Enzymic assay method described in text. 
C1endennin (1945) method - polarimetiy on aqueous C aCl 2 
extract 
Solutions from polariinetxy assayed enrmatically 
i,.) Hassid and Neufeld (1964) method 





The Starch-Iodine Interaction 
Introduction 
Starch and its fractions interact with iodine in a very 
complex manner. The amount and nature of the complex formed depends 
not only on the relative concentrations of the polysaccharide and 
iodine, but also on the nature of the polymer, the reaction temper-
ature, the pH of the solution and the total ionic strength of the 
solution. Extensive reviews by Kerr (199),  Whistler (1964) and 
Richter et.al . (1968) have appeared, detailing the chemistry and 
nature of the starch-iodine complex. 
The radically different behaviour of linear and branched 
components of starch has been used to allow charac6erisation of 
native starches. Mr1ose, the essentially linear component of 
starch, interacts with iodine to form a deep-blue coloured-complex 
with an absorption maxirnumca. 630 m 	Hanes (1937) suggested that 
the polysaccharide-complex was a helical structure and was supported 
by Freudenberg et.al . (1939), who suggested that a helical amylose 
complex supported the existence of the Schardinger dextrins, cyclic 
a-l:k-. glucans of six to ten residues. This model was confirmed by 
Rundle and French (1943) by X-ray diffraction measurements on cryst-
alline aixj1ose-iodine complexes. In the solid crystalline form, 
dichroism was displayed which was attributed to the alignment of the 
long axes of the helices. A similar alignment of the helical complex 
was shown by Rundle and Baldwin (1943) who carried out measurements of 
streaming birefringence in solutions of aimj-lose-iodine complexes. 
Iviore recently Banks and Greenwood (1971) demonstrated quite 
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unambiguously that a conformational change occurs when iodine is 
added to a solution of amylose. This supports the concept of 
a.rir1ose in a random coil form in neutral solution undergoing a 
change in hydrodynamic volume to form a helical complex. 
The nature of -the iodine in the centre of the anlose 
helix is still a matter of some doubt for, whilst Gilbert and 
iiariott (1948) by potentiometric measurements at varying reactant 
concentrations, suggested a predominance of 18  ion, Greenwood 
(1968), in unpublished work, has found that interpretation of experi-
mental data obtained by this technique is somewhat ambiguous. 
Like many other aspects of the chemistry of sinylopectin, 
its interaction with iodine is not well documented. A red-purple 
complex is formed with an absorption maximum at ca. 540 m Ij, but 
whether this has a similar helical structure to that of amylcse or 
is due to an absorption mechanism is not known. However, whilst 
arrylopectin binds little iodine at low free-iodine concentrations, 
both Higginbotham (199) and Foster and Smith (1953) showed that at 
high free iodine concentrations considerable quantities of iodine are 
bound, and the former author showed that under certain conditions 
amylopectin could bind as much iodine as amylose, partly by a helical 
mechanism and partly by adsorption. 
These major differences in both type and amount of complex 
formation of the starch fractions have been widely exploited as 
diagnostic tools. Conditions are generally chosen where the branched 
fraction shows little interaction whilst amylose reacts freely, i.e. 
at low free iodine concentrations. The relative proportions of each 
component polymer may then be readily calculated. 
Experimental methods may be conveniently classified into tech-
niques based on: 
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spectrophotometric deteimination of the intensity 
of the colour of the iodine-complex, 
potent iometric titration of the starch with iodine, 
or 
a similar amperometric titration. 
Experience has shown that although spectrophotometric methods 
provide a convenient and rapid method of analysis, they are not 
sufficiently sensitive for accurate measurements on the semi-micro 
scale, particularly for assay of small quantities of branched mat-
erial in the presence of large amounts of anylose. Similar 
criticisms may be levelled at arnperometric methods, and there is 
little doubt that the most satisfactory method of measuring the 
iodine-binding characteristics of a starch, or of its components, 
is by potentiometric titration and, as was emphasised by Gilbert 
and Liariott (1948), the accuracy of the direct titration method 
introduced by Bates et al. (1945) may be considerably improved by 
using a differential potentiometric technique. 
Anderson and Greenwood (1955) and latterly Adkins and 
Greenwood (1966a, 1966b) have demonstrated the usefulness of this 
technique in starch chemistry using a laboratoiy-built electrometer 
to cope with the original high impedance circuit. This work describes 
a redesigned apparatus of considerably simpler form utilised in con-
junction with a readily available detector. This new apparatus 
necessitated the establishment of suitable reaction conditions and 
new methods of sample preparation. These are described in detail in 
later parts of this section. 
Principle of Differential Potent iometric Titration 
The differential technique involves two iodine/iodide half-
cells, each with a bright platinum electrode, which are connected by 
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a liquid bridge. The test half-cell, t, contains the starch 
sample in a buffered indide solution and the control half-cell, 
c, contains buffered iodide at an identical concentration. This 
experimental set-up results in an iodine concentration cell without 
transference i.e. 
'2 (a1 ) / ' () / 12 (a ) 
2c 	 2t 
where a represents activity. For one electrode, the potential E, 
v, 
	
is given by E = 	- RT 
	/ 
-- in { 	a1 ) / a1- } , where R, T and F are 
2 
the Gas Constant, Temperature and Faraday Constant, respectively. 
The overall potential of the cell is 
E= 	in {(a) 	/ 
2c 2t 
The apparatus is used as a null detector for when E = 0 i.e. no 
potential 'a1 	= 	a1 2c 	2t 
or since the activity coefficients are assumed equal 
{12 Ic 	=112 It 
In use, iodine is added to the test half cell, and the 
potential so produced is cancelled by the addition of iodine to the 
control half-cell. At the point of zero potential, the concentration 
of total free molecular iodine in the test solution corresponds to 
that added to the control solution, whilst the amount of iodine 
bound by the polysaccharide is given by the difference between this 
and the original amount added to the test cell. Titration curves 
are obtained by plotting "bound" iodine as a function of "free" iodine. 
Apparatus 
The apparatus consisted of two, one-litre, round-bottomed, 
flasks, connected by an easily-removed, liquid bridge. Additional 
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necks were provided for the introduction of electrodes and small 
necks for the addition of iodine. A diagram is shown in Figure 3.2 
the salient features being 
(i) stirring gland, 
the electrode, and. 
the liquid bridge. 
A separate diagram of the electrode is shown in Figure 3.3. A 
pulley system operated the stirrers continuously during the course 
of the titration. 
The Liquid Bridge 
The liquid bridge consists of a Ti-tube, having a middle arm 
which can be sealed by means of a glass stop-cock. Since solution 
inside the bridge plays no role in the reaction, the volume of the 
bridge never exceeded 8 ml which represented a change of 3% per 
half-cell volume. In general practice, a capillary bridge (internal 
volume Ca. 2 ml) was found to be practical. By elimination of 
fritted-glass discs and salt-bridges, junction potentials were no 
longer relevent and the impedance of the electrical circuit consid-
erably lowered. The bridge was easily filled without air bubble 
introduction by opening the stop-cock on the side arm, applying 
sudden suction by means of a rubber bulb, and closing the stop-cock 
as soon as the bridge was filled. No siphoning occurred, as shown 
by the use of dye solution, if the liquid levels in the two half-
cells were arranged to be identical to the liquid surface in the 
thermostat bath. 
Electrodes 
The electrodes were constructed of platinum foil (1" x 1" x 
0.005") welded to platinum wire, sealed through soft glass, and silver-























all joints were strain free - they were carefully tested to 
eliminate small, random junction-potentials which gave rise to 
detector instability. The electrodes were connected directly 
to the detector which was in turn efficiently earthed. The 
electrodes were cleaned by immersion in concentrated nitric acid, 
then repeatedly washed, first with water, and then with buffer, 
until a potential of less than 0.01 mV was observed when the two 
electrodes were placed in the same iodine/iodide solution. It was 
also necessary that the electrodes responded rapidly to changes in 
iodine concentration. This was tested by removing one electrode, 
rinsing in distilled water, then replacing it. For satisfactory 
results, the originally-observed potential should be reattained in 
less than 20 seconds. 
Electronic Detector 
A digital voltmeter was used directly in this low-impedance 
circuit, it could however be applied with equal facility to the high 
impedance circuit of Anderson and Greenwood (1955). A "Solartron" 
digital voltmeter Model Ui 1450 supplied by Solartron Electronic 
Group Ltd., Farnborough, Hampshire, England, was found to be suitable. 
Readings were available to 0.01 mV on the 20 mV range. The instrument 
was used on automatic display (50 readings per second) with a 60 dB 
filter in operation to alternate series mode interference from 50 hZ 
to 120 hZ. 
Theirnost at 
The cells were supported by clamps in an ethylene glycol/ 
water thermostat bath. Temperature control was maintained ± 0.05 0C 
by the use of a "Circotherm" thermostat control and circulatory unit. 
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Control at temperature below ambient was achieved by the 
use 	 refrigerator unit (running continuously) in con- 
junction with the appropriate setting on the "Circotherm". 
By lagging the copper bath with 2" of polyurethane foam, 
condensation was prevented at low temperatures. 
General Analysis Conditions 
The extent to which a completely-dispersed, pure starch, 
or starch component, binds iodine depends on 
the concentration of iodide and other ions present, 
the pH, and 
the temperature. 
These variables must be fixed for routine analysis. 
Iodide Ion Concentration 
A molarity of 0.01 for the iodide concentration in the 
supporting electrolyte was used, for, in agreement with the spectrophoto-
metric results of Kuge and Ono (1960), it was found that maximum 
binding occurred at this molarity. 
pH 
To repress hydrolysis of iodine, the titration was performed 
in acid media; Phosphate buffer, pH 5.8 was used. 
Temperature 
Adkins and Greenwood (1966a) demonstrated that iodine-
binding capacities of amylomaize starches varied considerably with 
temperature. Investigations at two temperatures, 20C and 20°C, were 
routinely carried out to obtain maximum information. 
Concentration of Starch 
The optimum amount of polysaccharide (per 840 ml) in this 
semi-micro technique was 
Ainylose 	= 	3-6 mg 
.Axrr1opectin 	= 	12 - 24 mg 
Starch 	 = 	5 - 25 mg 
Sample Preparation 
In order to obtain meaningful values for the iodine-binding 
capacities of starches, three criteria must be fulfilled 
the starch must be in a true molecular disperson, 
all interfering substances must be removed, and 
the amount of starch used must be assayed accurately. 
Two methods have been successfully utilised for the complete 
disperson of native starches, liquid-ammonia pretreatment after 
Hodge et al. (1948) and methyl-sulphoxide pretreatment after Banks 
and Greenwood (1967b). Methyl-suiphoxide pretreatment was utilised 
in this work. 
Anderson and Greenwood (1955) demonstrated the interfering 
effects of protein and lipid impurities on the iodine-binding curves 
of starches. Protein was reduced to a very low level (N < 0.03%) 
by a careful application of the physical technique of Greenwood and 
Robertson (195). Lipids were removed by repeated extraction of 
the starches in, or by prolonged soxhlet extraction with, polar 
solvent systems e.g. 8 dioxane. The third criterion was satisfied 
by enzymic assay of the starch as detailed in Section 2. 
Hydrous starch (i.e. starch granules which had been stored 
under water to equilibrium) was dissolved in methyl suiphoxide (DM50) 
to give a 1-41.  solution dependent on the character of the starch. 
As Adkins (1966) observed, hydrous starch dissolved most easily in 
DM50 under conditions of mild shear. This was achieved by altering 
the concentration of starch to provide a suitable viscosity, and 
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applying law-speed stirring. In general, it was observed that 
waxy starches had a much higher viscosity potential than starches 
of high-axmjlose content and thus a lower concentration was used 
for waxy starches in this procedure. 
The criterion used in this work for the attainment of com-
plete solution was that on centrifugation at 2 x 103g for 20 minutes, 
no gel was obtained. The starch was precipitated with ethanol 
(3 volumes), a small cuantity of saturated sodium chloride solution 
being added to induce flocculation when colloidal dispersions were 
formed. On centrifugation, the starch was carefully washed with 
ethanol to ensure complete removal of D}ISO. By repeated tituration, 
under changes of ethanol, a finely-divided precipitate, free from 
DMSO, was obtained. The starch was dried overnight at 65 °C in vacuo. 
The dry, non-granular starch was dissolved in DMSO, with mild stirring, 
and used in iodine titration. 
Titration Procedure 
203 ml 0.11Vi potassium iodide and 20 ml 0.2M phosphate buffer 
(pH 5.8) were diluted to 2 litres with distilled water to provide the 
supporting electrolyte. 830 ml electrolytewere added to each half-
cell, and the cells were placed in the theimostat bath so that the 
liquid level in each was the same as that in the thermostat bath. The 
liquid bridge was placed between the half-cells and filled by the 
procedure detailed earlier, the electrodes were placed in the cells, 
and stirring was started and maintained at a rate sufficient to give 
rapid mixing without causing undue turbulence. 
A stock solution of the sample for titration was prepared by 
diluting the polysaccharide - DM30 solution (1 ml) with distilled 
water (11 nil). A blank, omitting only the polysaccharide, was prepared 
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in a similar mariner. Blank and sample solutions (10.0 ml) were 
added to their respective half-cells by pipettes (plugged with 
cotton-wool to prevent inadvertent introduction of salivary arnylase 
to the sample). Thirty minutes were allowed for temperature 
equilibrium to be attained before ccmmencing the titration. During 
this period, small random-potentials were observed on the detector. 
These were not significant, as the detector was effectively on open 
circuit. 
An aliquot, usually 5 "Agla" units, (50 "Agla" units = 1 ml) 
of iodine solution (0.005 M 12  in 0.01 M KI) was added to the sample 
half-cell by means of an "Agla" micrometer syringe (!ellcome Reagents 
Ltd., Beckenham, Kent, England), and five minutes allowed for equil-
ibrium to be achieved. Iodine solution was then slowly added to the 
blank half-cell until zero potential (less than 0.01 mV) was indicated 
oh the detector. At this point, the concentration of molecular iodine 
in the two half-cells was equal, and hence the amount bound by the 
polysaccharide was given by the difference in volumes added to both 
sides. This addition and balancing process was repeated until the 
complete curve of iodine bound as a function of free iodine was obtained. 
Determination of Polysaccharide Concentration 
The concentration of the stock solution was determined by 
taking an aliquot (i.o ml) of the remaining polysaccharide DMSO-water 
stock solution, hydrolysing the polysaccharide to glucose using anlylo-
glucosid.ase, and the glucose estimated by the specific enzymic tech-
nique detailed in Section 2. 
It was imperative that the aqueous Th'IS0-polysaccharide solution 
was used for both iodine titration and concentration estimation immedi-
ately upon its preparation. Whilst this precaution was unnecessary for the 
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majority of starches, it was mandatory in the case of amylomaize 
starch, and its fractions, because incipient retrogradation, which 
affects both the iodine uptake, and the concentration determination, 
occurred if the solution was allowed to stand for several hours before 
use. 
Calculation 
If it 	'c are the amounts of iodine (in "Agla" units) 
SP 
added to the test and control half-cells, reectively, the amount of 
bound iodine, 'b = t - 
The values of total bound iodine = E 'b' and the total free 
iodine = 	c' are evaluated consecutively. 
is then expressed as milligrams iodine bound per 100 mg 
polysaccharide i.e. 
weight of iodine = ZIb 
x  12  normality x 254  x 1O3 mg 
50 x 2 x 10 
= VT 
12 
weight of aniylose= WA 
Percentage of iodine bound = 100 W1 /WA 
2 
EI C  is converted to an iodine concentration {12}  (moles per 
litre), i.e. 
{12} c = (EI c  X 12 normality) 	moles per litre 
50 x 2 x 80 
100 WI/WA  is graphed as a function of 11  } 
Results and Discussion 
Typical titration curves are shovin in Figure 34 for potato 
starch, and its component amylose and aimjlopectin fractions. It has 
been customary to define iodine binding capacity of a starch in one 
of two ways: 
6'i. 
Figure 3,4 	Iodine binding curves 
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as the point at which the extrapolated maximum and 
minimum slopes meet (shown in Figure 3.4 by (x)). This extrapol-
ation is based on the concept of two independent binding processes 
occurring consecutively; that is a completely different mechanism 
occurs after initial adsorption of iodine into amylose helices. 
as the extrapolation of the line obtained at high free-
iodine concentrations to zero free-iodine concentration. This is 
based on the concept that binding, other than in helices, occurs by an 
absorption process at all levels of free iodine. (This nthod is 
demonstrated by the point (y) inFigure3.1+). Both techniques are 
equally arbitrary and in this work the second concept is applied. 
Generally the difference between the two methods of extra-
polation was small (with the exception of aniylomaize starch, which 
is discussed in detail in a later section of this thesis). 
The Equilibrium Time for Potentiometric Titration 
In this apparatus, the short detector response time allowed 
direct visualization of the time required to form the aimjlose-iodine 
complex. Equilibrium was not instantaneous after physical  mixing had 
been completed, implying that the starch helix was not preformed in 
solution. It was found that although the initial portions of the 
binding curves were time dependent, the final, linear portion of the 
curve was independent of time. Reproducible results were obtained 
by standardization of the titration procedure, allowing five minutes 
for equilibrium after each addition. 
Factors Influencing Iodine Binding Capaçy 
(i) The presence of methyl sulphoxide 
Mature potato starch (var. Pentland Crown) was dispersed in 
0.2M KOH at 20C with shaking, neutralised to pH 5.8 with 0.15 M 
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phosphoric acid, and an aliquot (10.0 nil) taken for iodine 
titration. The experiment was repeated twice, adding 
1.0 ml tLIS0, and 
2.0 ml ]iVISO 
The three curves so obtained were identical (blank and 1.0 ml flIIS0 
are shown in Figure 3.5), in agreement with the results of Adkins 
and Greenwood (1966a,b). 
It was noted, however, that some slight interaction between 
iodine and tvISO occurred, which lead to erroneous results if there 
was a difference in 11M50 content between the half-cells. In all 
experiments, therefore, the riiso concentration in the sample solution 
and the blank was arranged to be identical. 
Variation in buffer concentration 
The effect on the iodine binding capacity of mature potato 
starch of varying the concentration of phosphate buffer (pH 5.8) in 
the half-cells is demonstrated in Table 3.4. 
Increasing the buffer concentration has little effect on the 
iodine binding capacity - increasing the former twenty-fold, decreased 
the latter by 45%. Small differences in concentration between various 
batches of buffer did not cause any measurable change in the iodine 
binding capacity of starches. 
In agreement with the spectrophotometric observations of Kuge 
and Ono (1960), it was noted (Figure 3.6) that as the buffer concen-
tration was increased, the polysaccharide bound iodine at progressively 
lower concentrations of free iodine. 
The potential oxidizing action of iodine 
The reversibility and extent of iodine binding would be altered 
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Table 3.) 
The Iodine-Binding Capacity of Mature Potato Starch 
(var. Pentland Crown) as a Function of Phosphate 
Buffer Concentration 
Phosphate Buffer 	Iodine-Binding  Capacity 
Concentration (mg 12 bound/10 mg Starch) 
4.95 x 10 lvi 	 158 
1.98 x 	M 
	
4.54 
4.95 x  10 M 	 4.50 
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experimental regime employed in this work, no such reaction 
occurred, for the titration of an equivent weight of glucose 
directly, or the addition of glucose to an amylose-iodine system. 
at equilibrium, caused no change in the observed potential. 
(if) The procedure for dissolution of starch 
As detailed by Banks and Greenwood (19671)and Adkiris and 
Greenwood (1966a), methyl suiphoxide was found to be the most satis-
factory general solvent for starches. To a large extent, the type 
of starch governs the ease of solution; for example, starches of 
high amylose-content dissolve to yield a gel-free solution in under 
one hour whilst waxy starches often required overnight stirring for 
the same result. Tuber starches also tended to be less readily 
soluble than cereal starches.. The dependence of iodine binding 
capacity on time of solution was investigated for a mature potato 
starch in DMSO. A sample of starch was slurried vigorously in 1i'iISO 
and stirring at a moderate rate of shear continued. 	Samples were 
removed at time intervals and the iodine binding capacity measured. 
The results are shown in Table 3.5. It is clear that complete 
solution of potato starch occurred in 6-7 hr. In addition, the 
starch ]JMSO-solution retained its stability for prolonged intervals 
of time. The iodine titration of this potato starch was repeated 
after a storage period of approximately six months, the iodine binding 
capacity was 4.55 mg iodine bound/100 mg starch. 
It was noted that these results showed a significant, and 
reproducible, increase of some 	over those reported previously by 
Greenwood and Thomson (1962a). 	In that technique, the starch granules 
were dissolved in potassium hydroxide and the resulting solution 
neutralized with phosphoric acid prior to titration. The effect of 
71. 
Table 3.5 
The Iodine Binding Capacity of Mature Potato Starch 
(var. Pentland Crown) as a Function of Solution 
Time in ]SO 
Time 	 Iodine Binding Capacity 
(hours) (mg 12  bound/iCC mg Starch) 
3.5 	 4.38 
6 	 4.47 
7 	 4.58 
10.5 	 4.58 
12.0 	 4.52 
214.0 	 4-54 
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varying the method of dispersion of potato starch granules on 
iodine binding capacity is shov.'n in Table 3.6. 
The highest iodine binding capacity was observed using LYISO 
as the dispersing agent. Variability was low using i1iS0 (ca.± ] 
of the mean iodine binding capacity). KOH was a much less satis- 
factory solvent, with a variability of t No in a number of experiments. 
Increasing the concentration of KOH used as dispersant led to enhanced 
iodine binding capacities, in agreement with the work of Adkins and 
Greenwood (1966a)on arnylomai ze starch. Similar results were obtained 
with normal maize starch. 
Banks and Greenwood (1967b)and Adkins et al. (1970) reported 
that to ccrnpletely destroy the structure of a mature cereal starch-
granule, it was necessary to precipitate the starch from DMSO solution, 
then redissolve it in L00. 	The effect of repeated solution of 
various cereal starches defatted by the procedure of Schoch (1942) 
on the measured iodine-binding capacity is shown in Table 3.7. 
The iodine binding capacity tended to increase as a result 
of a second precipitation from 1S0. The increase did not, however, 
justify the extra labour involved. In some cases, a drop in iodine 
affinity was observed on the second precipitation. This was always 
found to be due to incomplete precipitation of starch. Addition of 
a few drops of saturated sodium chloride solution to the precipitation 
mixture facilitated flocculation and prevented incomplete precipitation 
of starch. 
12IS0 was also a better solvent for non-granular starch than 
0.2M KOH. Non-granular starch was the term applied to the poly-
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O.5}iI KOli 
Iodine Binding Capacity 






The Iodine Binding Capacity of Cereal Starches 




Procedure 1)  Iodine Binding Capacity of Starch 
(mg 12  bound/100 mg starch) 
Barley (var. Ymer) 	 5.66 	 5.76 
Barley (var. Lethbridge) 	5.55 	 5.60 
Barley (var. Pentlandfield) 	8.15 	 8.20 
\iheat (var. Capitole) 	5.40 	 5.51 
i) 	I = Defatted starch dissolved in fl/ISO, precipitated 
with ethanol, dried and re-dissolved in UVISO. 
II = Defatted starch dissolved in UVISO, precipitated 
with ethanol, dissolved in TiISO, precipitated 
with ethanol, dried and re-dissolved in DMSO. 
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(5) Defatting Technique 
Fat interferes with the iodine-binding mechanism of starch 
in two ways 
by absorbing iodine directly at unsaturated 
bonds, and 
by preferentially complexing with aniylose. 
Fat may be extracted by Schoch' s (194 2 ) method employing a 
hydrophilic fat-solvent such as 85% aqueous methanol or 8 aqueous 
diQxane. These methods were time consuming and difficult to apply 
to small quantities (< 20 mg.) of starch and some doubt may be cast 
on their efficiency since Rogols et al. (1969) have demonstrated that 
the lipid extracted from starch depends on the particular solvent 
system employed. 
Since both DMSO and ethanol are solvents for fats, the 
solution procedure detailed above should provide an efficient and 
rapid method of removing fat from starches (Table 3.8). This effect was 
demonstrated by takin g the ]iiS0-ethano1 supernatant from the 
precipitated starch and removing the ethanol by distillation under 
reduced pressure. The residual rLISO was then added to the corres-
ponding starch-DL'ISO solution, and the iodine-binding capacity of the 
mixture was measured. A marked depressant effect was observed (see 
Figure 3.7)  in all cases, confirming that ethanol-soluble material 
was responsible for the low iodine-binding capacities obtained using 
untreated starches. The material, although not specifically isolated, 
was almost certainly a fatty-substance. 
(6) The effect of temperature 
Adkins and Greenwood (196  6,b), in observations on the effect of 
temperature on the iodine-binding capacity of starch and its components, 
reported that for normal amylose the change in the amount of bound- 
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Table 3.8 
The Effect of Defatting Procedure on the Iodine-Binding 
Capacity of Cereal Starches 
I 	 II 
Procedure 	 Icdine-Binding Capacity of Starch 
(mg 12  bound/100 mg starch) 
Barley (var. Pentlandfield) 	5.35 	 8.20 
Barley (var. Ymer) 	 3.73 	 5.66 
Wheat 	 4.22 	 5.40 
Rye 	 4.70 	 5.51 
Maize 	 fl.d.2) 	 533 
i) I = Iodine-binding capacity of undefatted starch 
II 	Iodine-binding capacity of starch precipitated 
from ]1VIS0 by the addition of ethanol. 




Figure 30 	Iodine binding curves 
0 	 2 	 4 	 6 
FREE IODINE x 10 MOLAR 
78.' 
iodine was negligibly small in comparison to the change which 
occurred for the degraded polysaccharide. 
The variation in iodine-binding capacity has been measured 
for hormal anrlose and various starches. These are shown in Table 
3.9 for pea starches at 1.50C  and  20-50C.  The amylose contents of 
the starches were calculated by 
(iodine-binding capacity of starch at T °C) 
% amylose = i i 	
x 100 
( odine-binding capacity of amylose at T C) 
The iodine-binding capacity of amylose increased with decreasing 
temperature, as did the iodine-binding capacities of the various 
starches. For the starches examined, there was good agreement at 
both temperatures. 
my1omaize was an exception to the rule, in that its apparent 
amylose content increased with decreasing temperature. This has been 
suggested by Banks et al. (1971a) by analogy with the behaviour of 
synthetic aiixylose oligomers, to be a simple diagnostic test for short 
chain material (30 <chain length <150 glucose residues) in starch, or 
its fractions. This point is examined in detail later in this thesis. 
Conclusions 
This new technique enabled reproducible and highly accurate 
results to be obtained for the semi-micro determination of the iodine-
binding capacity of starch and its components. In the case of amyio-
pectin, amy-lose impurities of the order of o. were readily detected. 
The experimental technique for the complete dispersion of starch 
granules prior to titration was formulated using DE1SO to give accurate 
and reproducible results. Iodine-binding capacities of starches 
recorded in this work tend to be significantly higher than those 
reported by Greenwood and Thomson (1962a). 
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Table 3.9 
The Iodine-Binding Capacity of Miylose and Various Pea Starches Measured 
at Two Temperatures, and the Calculated Anrlose-Contents of the Starches 
Temperature 
1.5 0C 20.5 0C 
Sample I.B.C) % anxylose I.B.C. % ainylose 
Anrlose 22.2 100 19.5 100 
Pea (var. Superb) 8.3 37 7.0 36 
Pea (var. Early Onward) 15.3 69 14.1 72 
Pea (var. Little Marvel) 15.9 72 13.8 71 
Pea (var. Dwarf Defince) 18.6 84 15.9 82 
i) I.B.C. = Iodine-Binding Capacity (mg iodine bound/100 mg poly-
saccharide). 
go 
It is suggested that this can be attributed to three 
effects : 
DMSO treatment more effectively defats. 
granular starch than extraction with hydrcphilic, 
fat solvents. 
DMSO-treatment completely d.srupta granular 
structure and increases the availability of 
ainylose to bind, iodine. 
The enzymic method for determining polysaccharide 
concentration is more accurate than the gravi-
metric methods used previously. 
These higher values are more representative of the "true" 




THE NATURE OF THE 
BRANCHED MATERIAL 
Section 4.1 
Studies on Jmylomaize Starch 
Introduction 
Considerable academic and commercial interest has been shown 
in the three cultivars, pea, maize and barley, known to have reserve 
starches with apparently-enhanced amylose-contents. Academic interest 
centres on the pathways involved in the biosynthesis of starch, for any 
proposed biosynthetic scheme must take into account the formation of 
the unusual, mutant starches. Commercial interest centres on anylose, 
the essentially unbranched component of starch, and its film-making 
properties. 
Langlois and Wagoner 1967) reviewed the commercial preparation 
and use of amylose and pointed out that amylose films are edible, only 
slightly permeable to gases and capable of being greaseproofed. This 
type of film is an ideal container for foodstuffs, in a pollution-
conscious world, as it presents no waste disposal problems. Liany 
commercial processes have been devised to separate amylose from normal 
starches, but these are length3 and expensive, since the potential yield 
is only ca. 28. The possibility of obtaining a native starch with a 
high amylose-content thus became the subject of much commercial investi- 
gation. 
Senti and Dimler (1959), discussing the technological requirements 
of aimjlose films, suggested that a minimum of 80% for the amylose-content 
of a starch was required to give desirable film characteristics. Barley 
starch 04.3% apparent amylose) and pea starch (ca 70% apparent anrlose) 
have amylose-contents too low for useful direct exploitation as film 
making materials, but varieties of maize have, however, been reported with 
apparent anT1ose-contents -as high as 855. These amylomaize strains are 
the result of an extensive breeding programme, in which the expression 
of the arnylose-extender gene was enhanced by combination with a number 
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of modifier genes {Zuber (1965) }. 	Surprisingly these starches of 
apparent high-amylose content have not become a commercial success, 
for there are major and unanticipated differences between these and 
other maize starches. Granular form is quite different as shown in 
Plates 4.1(a) and (b), and 4.2(a) and (b). Normal and waxy maize 
starches are virtually identical in granular form, being an admixture 
of irregularly-shaped, round and angular granules. Both starches 
exhibit optical anisotropy and show characteristic birefringence crosses 
of similar intensity. However, as the apparent amylose-content 
increases to over 50, the shape of t starch granules alters drastically 
from irregular, round granules in 'Ainylon 50' to a spectrum of strange 
shapes, as shown in Plate 4.2(b), for 'Mylon 70'. {Note : 'Jmylon' 
is the Trade Name for commercially available amylomaize starches supplied 
by National Starch Inc. The number following the name is reputed to be 
the amylose-content as a percentage of the starch. } 	 It should be 
stressed that all the starches examined are pure, having little protein 
present (<0.1%), and virtually no bound lipid. All the granules of 
the ainylomaize mutants stain blue-black with iodine, and t} strangely-
shaped particles shown in Plates 4.2 are without doubt, starch granules. 
Amylomaize starch has a completely-different swelling pattern 
from the other maize starches, best exemplified by subjecting the starch 
to a cooking cycle in water. Figure 4.1 shows the pasting behaviour 
of maize starches of apparent amiy lose -contents of -196, 2896' and -55% 
as measured by a 	 Visco-amylograph. (Brabender Corp. 
Duisburj", Germany.) Slurries of the starches, as 9% solids, were 
heated from 50°C at a rate of 1.5°C per minute until a temperature of 
95°C was attained, and the starches were held at this temperature for 
30 minutes. As the starch granules are heated, gelatinization occurs 
they swell and impinge upon each other, imparting a thickening effect 
to the paste. The paste viscosity was recorded continuously by the 
83. 
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PLATE ILl (a) 
PI&TE 4.1 (b) 
Typical angular granule of normal maize starch. 
Scale 1 cLi = 5.3 microns. 
Rounded and angular granules of waxy maize starch 
similar to normal maize. Scale 1 cm = 5.3 microns. 
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PLATE 1 .2 (a) Granules of "Amylon 50" starch, with unusual 
rounded shapes. Scale 1 cm = 3.2 microns. 
PLATE 4.2 (b) 	Granules of "Amylon 70" starch, with numerous, 
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Visco-.Ailograph, a device by which the viscous drag of a constantly 
stirred paste is measured by the rotational displacement of a moveable 
head. On reaching their gelatinization temperature, waxy and normal 
maize starches swell and produce considerable paste viscosities. As 
shown in Figure 4.1, under identical conditions 'Jmylon 50' imparts 
no measurable thickening action. Such behaviour on normal cooking, 
has led to the commercial failure of amylomai ze starches in many 
outlets in the food industry. 
A detailed examination reveals other significant differences bet-
ween amylomaize starch and other starches, even those of as high, apparent. 
amylose-contents. The iodine-binding curves of waxy-maize, normal-maize, 
Amylon 50, f.my1on 70 and, for comparison purposes, wrinkled-seeded pea 
starch, at 20. 1+° C are shown in Figure +.2. In agreement with the 
observations of Adkins and Greenwood (1966a), the curves for amylomaize 
starch are unusual, for the iodine binding isotherms are inflectionless 
in the range of "free" iodine concentrations usually associated with 
normal starches (e.g. see Section 3.3), and are not capable of extra-
polation to yield an unambiguous value of apparent amylose-content. 
Greenwood and thacKenzie (1966)  and Adkins and Greenwood (1966a) have 
found similar results and attribute this behaviour to the presence of 
linear material of short unit-chain length. Banks et al (1970a,b) have 
shown that a range of both linear and branched materials of unit-chain 
length, 20-60 units, exhibit similar unusual iodine-binding isotherms. 
No conclusions of a definitive nature may be drawn from iodine-binding 
curves alone, and resort must then be made to investigations of the 
polymeric components of amylomaize starch, in order to explain the 
unusual characteristics of these materials. 
An extensive review has been published by Adkins and Greenwood 
(1966c) detailing the results of investigations on the nature of the 
amylostarches. Their conclusions may be summarized as follows 
87. 
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i) The amylose component of arnylomaize is similar to that 
obtained from normal maize. 
Intermediate types, between the commonly accepted models 
(see section 2.2+ ) for aniylose and arxylopectin may exist. 
The "arrylopectin" component is radically different from that 
of normal maize. Interpretation of its structure is contradictory. 
It is worthwhile examining briefly the evidence for the 
structure of the branched component. This abnormal starch fraction 
has five unusual and distinctive properties : 
The branched material is, to varying degrees unstable in 
aqueous solution. 
Potentiorrtric titration of the branched material yields 
unusual iodine-binding curves. 
A spectrum of the iodine complex is quite distinctive and 
cannot be explained on the basis of mixtures of "normal" maize fractions. 
The action of crystalline -amylase yields maltose in 
greater amounts than is usually encountered for amylopectins. 
The average chain-length, measured by a variety of methods, 
is considerably greater than that of "normal" amylopectin. 
Three models have been proposed to explain these unusual prop-
erties. A polysaccharide with longer-than-average internal and 
external chains in the branched structure was suggested by Wolff et al 
(1955). Their evidence is based on the points mentioned above, with 
the exception that their tt amy1opectin? had a conversion of 58% to 
maltose with 8-amylase. On this basis, the amylomaize "amylopectin" 
had inner and outer chain lengths of 13 and 23, respectively. The 
possibility of some contamination by either low degree of polymerisation 
(DP) amylose or amrlopectin was not discounted, as precipitation tech-
niques showed some evidence of this, and measurements of chain-length 
also pointed to a polydisperse system. 
Different and rather conflicting models have been proposed 
by 11.1ontgomery and co-workers and Greenwood and co-workers, for, whilst 
both sets of workers are agreed that the tt amylc,pectintl from amylomaize 
has a -limit considerably in excess of the value of 54-58% normally 
associated with anrlopectin, and an average chain-length in excess of 
35, interpretation of these results is a matter of some controversy. 
Montgomery et a]. (1964) maintain that the polysaccharide is basically 
homogeneous and therefore has normal internal chains, and long external 
chains, whilst Greenwood et al e.g. see Adkins et al (1970 ) have 
suggested that the anomalous amylopectin is in fact a heterogeneous 
mixture of short chain linear material and normal, high-molecular-
weight amylopectin. This unusual mixture of polysaccharide is 
attributed to alpha- axnylolytic activity during the formation of aniylo- 
maize starch. 
That the amylomaize starch contains short-chain linear material 
has been conclusively demonstrated by Banks and Greenwood (1968c). If 
linear material, of low degree of polymerisation, is present in considerable 
quantities a measurable amount of glucose will be produced from chain 
ends (see Section 2.4 for details) on -amylo1ysis since, statistically, 
half the chains will have an odd number of glucose residues. The 
relevant experiment did, in fact, result in the detection of appreciable 
quantities of glucose, showing that Liontgomexy et al (1964) are in error. 
Notwithstanding the very strong support for the presence of 
short-chain, linear material in amylomaize starch, a satisfactory model 
for the branched component is yet to emerge. This present work demon-
strates a new, rapid and simple technique for the isolation of a con-
siderable portion of the anomalous component of amylomaize starch and 
reports on subsequent partial characterisation of that material. In 




Isolation of Anomalous LIaterial from Amylomaize 
Amylomaize is exceedingly difficult to solubilize, temp-
eratures in excess of 125 0C being required to achieve maximum viscosity 
potential, and on cooling the solution of starch there is extreme 
instability, resulting in massive retrogradation. To overcome these 
problems during fractionation, complex schemes have 
been devized, for 
example Adkins and Greenwood (1969a) dissolved the starch in methyl 
sulphoxide and added a mixture of buffer and but an-l-ol. f complex 
formed within 30 minutes and was easily removed by low-speed centri-
fugation. This and similar schemes, e.g • Greenwood and 1 1acKenzie 
(1966); Montgomery et al (1961), yield an "amylopectin" which is a 
heterogeneous mixture of short-chain, linear material and branched 
material. Adkins and Greenwood (1966e; 1969a) achieved some separation 
by preparative ultracentrifugation, and complex formation with iodine, 
but both methods were laborious and of somewhat variable reproducibility 
{Banks (1970 ) } . 
It was noted that amylomaize starches lost their birefrfrgent 
character whilst being heated in water to temperatures over 85 0C. This 
was indicative of some irreversible loss of molecular order and suggested 
that it would be possible to leach some material from the starch. 
Amylomaize starch was slurried in distilled water (c = 0.5o 
w/v) and held at 98°C on an electrically-heated, thermostatted 
tisomantle l . Constant stirring and sp arging with oxygen-free nitrogen 
were required to prevent uneven boiling. Samples were withdrawn at 
various time intervals, quickly centrifuged (2 x 10 3g) to remove 
particulate matter, and the polysaccharide concentration in solution, 
estimated by acid hydrolysis, and estimation of reducing power as detailed. 
in Section 2.2. Figure 4.3 shows the percentage solubilization of two 
















Figure 4.3 Leaching of Amylomaize 
Starch at 100 ° C 
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of time of heating in boiling water. In both cases, an initial, 
rapid solubilization of material is observed, followed by a slower 
secondary process. The amount of starch solubiized is a function 
of apparent amylose-content, a larger amount being extracted from 
starch of lower amy-lose-content. 
The starch ("Amylon 50") was then extracted, in a separate 
experiment, for one hour in boiling water, cooled rapidly to room 
temperature, and the residual starch granules removed by low-speed 
cent rif ugat ion. The supernatant liquor was saturated with but an-l-ol 
and allowed to stand at room temperature (20 0c) for 2 hi. The 
resultant po1ysccharide butan-l-ol complex was removed. Potentio-
metric titration and enzymic assay showed this to be amylose. (Iodine 
binding capacity = 19.1 mg 12  bound/100 mg polysaccharide; a +Zlimit = 
98). The supernatant liquor was concentrated on a rotary evaporator, 
and ethanol (3 vol) was added. A copious precipitate was obtained, 
which was washed repeatedly with ethanol, titurated to a fine powder, 
then dried in vacuo. The iodine-binding curve was measured at 20.4 °C 
as detailed in Section 3.3, and is shovi in Figure 44. 
This non-complexible fraction, comprising some 15 of the total 
starch, exhibited iodine-binding characteristics associated with the 
abnormal fraction of ainylomaize {Adkins and reenwood (19 66 e)}. ',Then 
an aqueous solution was subjected to ultracentrifigation (average force-
field = 50,000 g) for 2.5 hi, treatment shown to remove> 95 of a potato 
amylopectin from solution, the supernatant liquor contained, within 
experimental error, all the polysaccharide originally present. 
The non-complexible fraction exhibited instability when stored 
in a 0.1 solution, at room temperature, for four days, behaviour shown, 
by Adkins and Greenwood (1966f), to be a marked feature of the anomalous 
material found in axnylomaize. 
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It was concluded that this leaching and complexing technique 
provides a rid and simple method of obtaining large quantities of 
anomalous material from arrrlomaize, free from conventional " amylopectin"-
type polysaccharide. 
The above experiments were performed using a commercial sample. 
of "Amylon 50" supplied by National Starch Inc • The experiments were 
repeated using a sample of starch isolated from greenhouse-grown 
amylomaize by the techniques detailed in Section 2. 
The iodine-binding curves at 1.200 are shown for the parent 
starch, leached non-complexible function (1T.c. ') and the residue in 
Figure 4.5 and the characteristics are very similar to those of the 
sample obtained from commercial starch, showing that the original 
observations are valid. It is noteworthy that the residual starch, 
after leaching ca 50 as amylose, still has a very high apparent arnylose -



















Figure 4.5 Iodine Binding Curves 
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Characterization of the Non-Complexible Fraction 
All of the following characterization measurements were made 
using "imylon 50", kindly supplied by National Starch Corp. The 
starch was leached by the procedure detailed in the previous section, 
then fractionated by three coniplexing techniques. 
i) The supernatant liquid containing the leached material 
was warmed to 65 °C, powdered thymol (o.].5 w/v) added, and the solution 
vigorously stirred. after cooling to room temperature (20 °C) and 
storage at this temperature for 24 hours, a copious precipitate formed. 
The thymol complex was removed by centrifugation ( 2,5 00  g) and th 
clear supernatant allowed to stand at 000 for a further 24 hours. 
During this time a slight precipitate formed, which was subsequently 
identified as thymol. Thymol was removed from solution by repeated 
extraction with diethyl ether, the resulting solution concentrated 
eight-fold in volume on a rotary evaporator, and the polysaccharide 
therein precipitated by the addition of ethanol (3 vol.). The 
precipitate, NC( a), was washed repeatedly with ethanol then dried 
in vacuo. 
To the leach supernatant at room temperature (20 0C), 
but anol (8% v/v) and sodium chloride (0.1% w/v) were added. A copious 
precipitate formed within ten minutes. After storage at 20 0C for 
24- hours, the butanol-complex was removed by low-speed centrifugation 
( 2,000 g) and the polysaccharide remaining in solution was pre-
cipitated with ethanol as above, to yield NCF(b). 
The liquid from a leaching experiment was treated as for 
NCF(b), but only 30 minutes was allowed for complex formation with 
butanol. After treatment as above NCP( c) was obtained. 
97. 
Results and Discussion 
In the preceding part of this Section, it has been established 
that the material, obtained by leaching amylomaize starch in water at 
98 0C, exhibits the anomalous properties associated with the parent 
starch. The preparation procedures detailed above were designed to 
show the influence of the complexing agent on the material left in 
solution i.e. the non-complexible fraction. 	Differences do appear, 
but as will be shown later, this is in degree rather than kind. Waxy 
maize amy1opectii, whose properties are well documented (see for example 
Banks et al (1971b),  was used as a control standard for the behaviour 
of 'normal' branched starch fractions. 
Ult racent rffugati on 
Adkins and Greenwood (1966e) used ultracentrifugation as a means 
of achieving separation in -.hole maize starch. Under the conditions 
described in Part 2 of this Section, little material sed.imented from 
solution at 50,000 g. In a 60,000 g force-field for three hours, 
however, small quantities of material sedimented from all the anomalous 
fractions as shown in Table 4..1. Aliquots of solution (1.0 ml) of 
the non-complexible fractions in methyl suiphoxide (ca. 0.75%w/v 
polysaccharide)were diluted with water in a graduated flask (10 ml). 
The polysaccharide concentration was estimated, after hydrolysis with 
amyloglucosidase as detailed in Section 2, before and after centri-
fugation (average force-field 60,000 g; 3 h; 25 0C). The difference 
in the solution concentration was a measure of the amount of material 
which sedimented from solution. It is apparent that only a minor 
fraction of the total material has been sedimented in the case of the 
amylomaize fractions under conditions in which 'normal' amylopectin is 
almost completely removed. The sediments were not intensively invest-
igated since they compose a very small proportion of the total starch 
( <3), but are not 'normal' axnylopectin as shown by 
Table 4.1 
The Weight-Percentage of i'iiaterial After Ultracentrifugati-On 
from Various Starch Fractions 
S ample 	 NCF( a) 	NcF(b) 	NCF( c) 	Wx 
Residue (2) 	9co 	8 
(i) wx = waxy maize amylopectin. 
(2) Residue in solution after centrifugation at 60,000 g 
average force-field for 3 hours. 
99. 
i) The iodine-binding curve of i;cF(c), which hadjost high 
molecular-weight material is shown at 1 . 8 00 before and after ultra- 
cent rifugation in Figure 4. 6. The slight difference in iodine- 
binding behaviour could not be brought about by the removal of normal 
amyl ope ctin. 
2) As the efficiency of the coniplexing procedure used in sample 
preparation increases, the amount of material sedimented decreases, 
implying that the sedimented material may complex under certain 
conditions. Such material is neither, by definition, amylose or 
ainylopectin, and corresponds to the intermediate types of riaterial 
of Proctor (1965) or Banks and Greenwood (1959a). As this material 
comprised only a minor portion of the total sample, no further effort 
was made to characterize it. 
Solution Stability 
The solution stability of non-complexible fractions was 
estimated by measuring the turbidity of the polysaccharide (a. 075$ 
w/v) in a DMSO-water mixture (10% v/v) using a 'Spekker t spectrophoto-
meter (550 mp filter;cm cell). 
	DiiSO-water (lOo v/v) was used as 
the reference blank. 
The non-complexible fractions were all found to be stable in 
aqueous solution at 300C for periods in excess of 52 h (at a concen-
tration of 0.75°/ow/v). 	However, either increasing the concentration 
of polysaccharide or decreasing the temperature, greatly increased the 
instability of the solution. The effect of decreasing solution 
stability is shown in Table 4.2. for dilute solution at 4 °C. Under 
such conditions, considerable precipitation occurs - at 52 hours, heavy, 
visible precipitates are obvious in all three non-complexible fractions. 
In contrast, waxy-maize aimjlopectin is quite stable under identical 
circumstances. Once a measurable turbidity had been produced in 
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Table 4.2 
The Solution Stability of the Non-Complexible Fractions at 40C 
Sample Absorlance at time t (h) 
0 1 3 6 22 52 
NCF(a) 0.00 0.00 0.40 0.77 0.92 ppt 
NCF(b) 0.00 0.00 0.04 0.59 0.87 ppt 
NCF(c) 0.00 0.00 0.77 1.00 1.01 ppt 
0.00 0.00 0.00 0.00 0.01 0.00 
(i) ppt = heavy visible precipitate 
(2) wx = waxy maize amylopectin 
102. 
prolonged immersion in a boiling water bath had no significant effect 
on the turbidity. This phenomenon, usually known as retrogradation 
and associated with the ainylose component of starch, is due to a 
crystallization process, and is governed by a complex interaction 
between such variables as concentration, temperature, ph, molecular 
size, and molecular size distribution. Retrograded aniylose is virtually 
insoluble in boiling water; in aqueous caustic alkali, it apparently 
dissolves to give clear solutions, but neutralization of these 
solutions usually leads to massive precipitation. "or this reason, 
,iSO, which does not give rise to such phenomena, is the only reliable 
reagent for solubilization of retrograded amylose. The precipitates 
of the non-complexible fractions could apparently be dissolved in 
aqueous KOH, but neutralization le/d to immediate turbidity - rather 
as though nuclei for the crystallization process had been retained in 
alkaline solution{see for examples, in the synthetic polymer field, 
Banks and Sharples (196 3b)}. Once however, the retrograded material 
had been dissolved in DMSO, the results in Table 4.2 could be reproduced, 
showing that all nuclei had been destroyed. The analogies with the 
retrogradation behaviour of ainylose, lead to the conclusion that the 
non_complexible fractions crystallize by a similar mechanism. 
It should be noted that the three samples follow quite distinct 
retrogradation patterns i.e. minor changes in the isolation procedures 
gave rise to very great differences in solution stability. In each 
sample there is an apparent lag-time, about 90 minutes, during which 
no precipitation could be detected. Hoviever, it is likely that the 
crystallization is described by the Avrarni (1939) equation 
1 - ( Xt/X a,) = exp - kt 
where xt is the crystallinity at time t, x a, is the limiting value of 
the crystallinity, and k is a rate constant. The integer n takes 
values 1 <n <Lb , including fractional values and interpretation thereof 
103. 
has been shown to be quite ambiguous {Banks and Sharples (1963a) }. 
Irrespective of the value of n, the form of the above equation is 
such that Xt  is finite for all values of t; if,therefore, the 
.Avrami equation is applicable to the crystallization of the non-
complexible fractions, as appears probable, the lag-time before 
precipitation is real, and reflects only the fact that the magnitude 
of the rate constant k in the above equation is rather low. The 
conclusions to be drawn from these instability measurements are that 
the mechanism by which the material retrogrades is similar 
to that for amylose, and 
the process is best described as a polymer crystallization 
phenomenon. 
iodine Interaction 
The interaction of starch and its fractions has been shown 
in Section 3.3 of this work, and by Banks et al (1970(a), (b); 1971a), 
to be a powerful diagnostic tool. 	Short-chain arloses, anrlopectin 
with long external chains and glycogen with long external chains, all 
have characteristic iodine-binding curves. The technique is, however, 
empirical, and it must be stressed that only in the presence of other 
structural data, derived from enzymic measurements, may any meaningful 
conclusions be reached. The iodine-binding curves for the non-
complexible fractions are shown for 1.8 0C and. 20.4 0C in Figures A 
and 4-8, respectively. The curves are inflectionless over the raige 
of 'free' iodine concentrations, at which normal starch and its fractions 
bind in two distinct steps (compare with Figure 4.2), and the anomalous 
material binds iodine to high levels of 'free' iodine. Extrapolation 
of the 'linear' portions of the curves gives the data recorded in 
Table 4. Banks et al (1971a)  have shown that the ratio of two iodine 
affinity measurements made at 200C and 20C is a measure of the average 
degree of polymerization of linear amyloses in the range 36 <DP <134-. 
10k. 
Figure 4.7 Iodine Binding Curves 
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Figure 4.8 Iodine Binding Curves 
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Table 4.3 
The Iodine Affinities of the Non-Complexible Fractions 
Sample NCF(a) NCF(b) NCF(c) 
I.Ac' ) 6.2 8.3 9.1 
	
12.1 	 13.5 	 11.8 
0.51 	 0.62 	 0.62 
mg iodine bound per 100 mg polysaccharide at 20.4
0C 
mg iodine bound per 100 mg polysaccharide at 1.80C 
Ratio i) : 2) 
107. 
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B 	/ 2' B+Z 
3\ 
B+P 	
" CL LIE. 
NCF(a) 66 70 	81 99 35 265 
I'cP(b) 72 73 	84 99 38 169 
NCF(c) 74. 76 	84. 102 4.2 14.5 
WX 
6) 58 57 	58 100 20 
Percent conversion in to maltose by crystalline B -arrrlase. 
Percent conversion in to maltose by concurrent action of 
crystalline 0-amylase and Z-enzyme:- 
(i) after 24 hours 
after. 48 hours plus excess Z-enzyme. 
Percent conversion in to maltose by concurrent action of 
crystalline B -amylase and pullulanase. 
4.) Average-length of unit-chain measured as in Section 2. 
Average-length of unit-chain of linear material (L.M.) calculated 
assuming all material is linear. 
as in Table 4.1. 
n.a = not applicable; no linear material detected. 
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Intensive efforts were made to separate the linear material 
from the branched material in the non-complexible fractions; as has 
already been shown ultracentrifugatiOfl was ineffective; the iodine-
ccmplexing procedure of Adkins and Greerwood (1969a)yielded no 
separation, and at pH 12.0 in the presence of salt, conditions known 
to complex amylose of low molecular weight, a complete cross-section 
of material was removed from solution. It was concluded from these 
experiments that the branched material had the ability to complex 
with certain reagents to a limited,  but significant extent. The 
following calculations were then applied to the data in Table 4..4. 
The average degree of polymerization of the linear amylose present in 
a sample was assumed, values compatible with the iodine binding 
behaviour as shown in Table 4.3 being selected. The weight per cent 
present in the sample was calculated in the mixture of linear and 
branched material from data in Table 4.4 
linear material = CL assumed -	 x 10501 (4.1) 
CL if all linear 
From this the average length of unit chain of the branched material is 
computed 
CL 	+ CL 	 CL 
(x) (y) (n) 
(4.2) 
where x = weight fraction of linear material calculated from equation 
(1), y = (l-x) = weight fraction branched material; CL(x) and CL (y ) 
are the respective chain-lengths; CL( ) is the measured average chain 
length from Table 4..4. As the beta-amylolysis limit of linear anrlose 
is 100, once the amount of such material is known from equation 4..1, 
the beta-amylolysis limit of the branched material is easily derived :- 
(x x 	+ (y x {}y) = 
	
(4..3) 
where x and y are the respective weight fractions of linear and branched 
material and {8)is the beta-anrlolysis limit. 
110. 
Table 4.5 shows the computed inner and outer chain lengths 
of the branched material and the weight percentage assuming only the 
chain length of the linear material, for samples NCF( a) and 1CP(c); 
(values for NCF(b) are intermediate between the values of the other 
fractions.) The (beta + 2) e.rlolysis-limit of the branched material 
was assumed to be 58, and the weight percent linear material calculated 
as in Section 2. Two methods of computation of the weight per cent 
linear material are in agreement, if the linear material has average 
unit chain-lengths in the range 65-70, a range compt.ble with the 
iodine-binding data presented in Table 43. It should be noted that 
the internal chain length of the branched material lies between 11 -13 
units, i.e. double the value for waxy maize armjlectin, and that this 
measurement is independent of the value assumed for the amylose chain-
length. This fact is substantiated by the evidence presented earlier 
with respect to susceptibility to the action of 24-enzyme, and was further 
corroborated by measurement of the iodine-binding curves of the bet a-
amylolysis limit dextrin of NCF(b). Figure li-. 9 shows the, iodine 
binding curves of this material at 20.40C and at 1.8 0C. The dextrin 
binds no iodine at the higher temperature, but considerable quantities 
at the lower one, and, by comparison with the data of Banks et al (1971a), 
the weight average chain length is in the range 20-26, a value quite 
comparable with a number-average value ca 12 units. These calculations 
confirm that the internal chain length of the branched material in 
anylomaize is very much longer than that of normal amylopectin. The 
exact nature of the outer chains has not been proven, but a considerable 
body of evidence suggests that the ainylose chain-length is ca 70 units 
and in consequence that of the external chains must be ca 18-20 units. 
nil the evidence presented herein suggests that ai -rr1omaize starch contains, 
in addition to large amounts of linear material of short chain length, 
a branched material quite distinct in its structure from normal amylopectin. 
111. 
Table 4.2 
The Computed Properties of the Branched Material from the 
Anomalous Fractions. 
2 ' 3 
_14) 
Sample L CL / wt {} CL mt ext 	wt 
NCF(a) 50 19 58 33 11 22 
70 26 514. 30 11 19 	28 
90 34. 4.9 27 11 16 
NCP(c) 50 314 61 39 13 26 
70 4.8 50 31 13 18 	43 
90 62 32 23 13 10 
WX 6 ) - - 58 20 6 14 	- 
i) the assumed chain-length of the linear material (L.M.) 
calculated weight percent linear material from equation 14.1 
calculated beta-an1o1ysis limit of branched material from 
equation 4..3 
4.) calculated average unit-chain length from equation 14.2 
calculated weightof linear material from {B+Z} - amylolysis 
limit (see text) 
as in Table 4.1 
112. 
Figure 4.9 Iodine Binding Curves 
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The branched material has an internal structure with chain lengths 
double that of normal amylopectin and it is likely that the outer 
chains are considerably longer than usual. 
Summary and Conclusions 
The preceding parts of this section have described the major 
differences between amylomaize starch and other starches, and have 
shown that this is due to components of an unusual composition. J 
method was devised to successfully isolate a representative portion 
of the anomalous material in large quantities, and further studies 
have provided a partial characterization. Two major points have 
emerged. 
Previous observations of Greenwood and co-workers, concerning 
the presence of short chain linear material have been corroborated, and 
this material shown to have a likely chain length ca 70 units and, 
the nature of the branched component, a matter of some dispute, 
has been shown definitively to have a much longer than average inner 
unit-chain length, and considerable evidence suggests that the outer 
chains are also correspondingly larger. 
mylopectin is known to be the structure-forming component of 
normal starches (see Section 5 for a discussion of this point) and, 
since predominantly linear material is leached by the technique devised 
in this work, there is no reason to believe that the branched material 
is hot also the principal structural material in amylomaize starch. As 
the average chain-length has been shown in this work to be longer by 
a factor of two, than that of normal amylopectin, it is not surprising 
that this material can crystallize more readily. Thus the granular 
structure would be expected to be much more stable and the branched 
material more prone to retrogradation - the experimentally observed 
characteristics of this unusual type of starch. 
ll+. 
Further work is however necessary to define the exact nature 
of the outer chains of the branched material and the differences, if 
any, of the residual material left after leaching. The significance 
of this present work is that it demonstrates for the first time that 
the amylomaize starches are not merely admixtures of degraded starch 
fractions from normal maize, but contain branched material of a 
distinctive type, intermediate between linear material i.e. amylose 
and the branched material generally known as amylopectin. 
115. 
Section 4.4 
Pollen Starch from Mjylomaize 
The extensive use of starch, in a variety of widely different 
commercial fields, has led to plant breeding programmes designed to 
give cultivars with endospexm starch of a particular type. In many 
instances, plants with the required starch characteristics have quite 
unsuitable general properties for growth on an economic scale. Intense 
effort has been expended, especially in the case of maize, to 
incorporate genes for particularly desirable starch types into the 
genetically stable background of well-established, high-yielding, 
and disease-resistant varieties. 
The waxy and the high-amylose starch mutants are well defined 
geneotypes which have attracted considerable attention. Although 
63 
Radley (198) points out that waxy starch, composed entirely of the 
branched starch component, arnylopectin, has been detected in many 
plant sources, only rice, sorghum, maize, millet and barley are of 
commercial importance. The amylose-extender gene, giving starches with 
high proportions of linear material, would at present, seem to be 
limited to varieties of pea, maize and barley. 
In the case of the waxy allelle, it was noted by Parnell (19 21) 
that the pollen starch of glutinous or waxy rice exhibited similar 
iodine-staining properties to those of the endosperm starch from the 
same plant. Pollen starch from waxy rice stained red with iodine, 
that from normal rice starch blue and the pollen from the Fl hybrid 
generation exhibited chemical dimorphism with equal numbers of red- and 
blue-staining pollen grains. It appeared, therefore, that the starch 
characteristics of the gametophytic generation mirrored those of the 
sporophytic generation and Parnell (1921) concluded that the waxy gene 
(wx) was a simple recessive to the normal starchy gene (Wx). 
Similar experiments were carried out by Demerec (1921+) on waxy 
maize and normal maize. Similar results to those of Parnell (1921) 
were observed, with the garnetophytic generation having identical 
starch to the parent and, once again, 1:1 segregation was observed 
in the Fl heterozgote by means of iodine staining. Karper (1933) 
investigated the pollen starch of a third waxy cereal, sorghum arid, 
once again, the pollen starch was shown to be similar to the parent 
endosperm starch, separating in the case of heterozgotes into 
differentiated pollen types, governed by the haploid characteristics. 
It was clear that, in three waxy cereals, there was a close corre-
lation between the starch characteristics of the gametophytic gen-
eration controlled by the haploid number of genes and those of the 
homozygous sporophytic generation controlled by the diploid number 
of genes. 
The segregation of starch types in the gametes promised to be 
a most useful property for, by simple examination of the pollen starch, 
it was possible to identify heterozygotes without lengthy programmes 
of selfing or backcrossing. Longley (1924) successfully applied this 
principle to evaluate the success of crosses between maize, euchiena 
and coix by using one waxy parent and observing the ratio of red- and 
blue-staining pollen in the hybrid. 
It was all the more surprising, therefore, when Vineyard et a]. 
(1958) and Zuber et a]. (1960) reported that there was no significant 
correlation between the amylose contents of the pollen starch and the 
endospeim starch of amylomaize. This implies t:at the starch of the 
gametophytic generation differs significantly from that of the sporo-
phytic generation. A rather more complex genetic system would there-
fore govern amylomaize starch synthesis than in the case of the waxy 
mutant. 
This work presents an analysis of the pollen starch of two 
amylomaize varieties, homojgous for the amylose extender gene, but 
influenced in starch type by differing modifier genes. 
117. 
Experimental Methods 
(i) Sample Collection and Starch Extraction 
Two amylomaize varieties, band 5 and band 1 were kindly 
supplied by Dr. R. P. Bear of the Bear Hybrid Corn Co. Decatur, Illinois, 
U.S.A. and grown by Dr. J.T. Vialker, Bothwell Plant Breeders Ltd, 
Rothwell, Lincoln, England in a controlled glasshouse environment. 
Pollen was collected from bagged tassels, and the excess, after self-
fertilisation was accomplished, was subjected to analysis. After 
collection, the pollen was immersed in HgCl 2 solution (o.oB) to 
inhibit ennne action, and later extracted for 2 minutes in a high-
speed mechanical blender, once more in the presence of HgC1 2. The 
resultant slurry was screened (75 p nylon mesh), and the residue 
re-extracted in a similar manner. After eight such extractions, the 
residue no longer stained blue with iodine and was discarded. The 
combined filtrates were allowed to sediment for 24 hours at room temp-
erature. Gentle suction was applied to remove the supernatant from 
the sedimented material. The sediment was suspended in dilute aqueous 
saline, and shaken with toluene (one-eighth volume) overnight. The 
starch was allowed to sediment, the toluene layer removed, added to 
water (io volumes) and air bubbled vigorously through the mixture to 
release starch granules physically entrapped in the toluene layer. 
After standing several hours, the toluene and aqueous layer were removed 
from the sediment and rejected. The starch sediments were combined, 
suspended in aqueous saline and the extraction with toluene repeated. 
A total of 15 such extractions were necessary to achieve a clear 
toluene layer, signifying the removal of all contaminating protein. 
Finally, differential sedimentation was employed to remove a small 
amount of macerated pollen tissue which had survived the screening 
procedure. The starches were pure-white in colour. 
118. 
Dissolution of Starch 
The starch (ca. 50 mg) was dissolved in methyl sulphoxide 
(DM50) with gentle mechanical stirring to give a 2.5%(w/v) solution. 
Ethanol (3 vols.) was added to precipitate the polysaccharide, which 
was titurated with repeated washings of ethanol to a finely divided 
powder, and finally dried overnight, at 65 °C in vacuo. The non-
granular starch was dissolved in rviS0 (2.0 ml), and an aliquot (0.5 
ml) taken for measurement of iodine binding capacity. 
Determination of Iodine Binding Capacity 
The iodine binding capacity and apparent amylose contents of 
the pollen starches were measured by the new technique detailed in 
Section 3.3. 
Results and Discussion 
(i) ivacroscupic Appearance of the Starches from Mwloxnaize Pollen 
Scanning electron micrographs of starch granules from the 
pollen of both Band 5 and Band 7 arnylomaizes are shown in Plates 4.3. 
and 4.4, respectively. The granules are small ranging from 0.5 
2.5 V and appear to be predominantly prolate ellipsoids having a major 
axis 1-2 i and a minor axis 0.2 - 0.5u. Both samples of starch 
appeared similar in morphology, no noticeable differences being observed 
in either size or shape. 	Then viewed by light microscope between 
crossed polars no birefringence could be detected. 
Both pollen starches stained deep blue when treated v,ith dilute 
iodine/potassium iodide solution. Although red-staining starch is 
diagnostic of the waxy type, blue-staining is observed equally in all 
normal starches and cannot be used to differentiate between starches 
containing 20% amylose and 85 arxlose. 
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PLATE 1.3 (a) Pollen starch from ".Amylon 50". Scale 1 cm = 1.5 microns. 
PLATE 4.3 (b) 8maU spherical pollen starch granules from "Amylon 50". 




PLATE 414 (a) 	Pollen starch from "Amylon 70". Scale 1 cm = 
1.7 ricrons. 
Aim 
PLATE 4.4. (b) 	Typical long granule of starch from the pollen 
of "Azuylon 70". Scale 1 cm = 0 • 14 microns. 
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(2) Iodine-Binding- Capacity 
The iodine binding curves of the ainylomaize pollen starches 
are shown in Figures 4.10 and 4.11 at 20)e °C and 1.80C respectively. 
The curves are extrapolated to zero free iodine concentration as 
detailed in Section 3.3 to give the iodine-binding capacities. The 
results are summarized in Table 14.6. The apparent amylose-contents 
of the respective starches were calculated on the basis that the 
iodine-binding capacity of amylose is 19.5 mg% at 20.5 0C and 
22.4 mg % at 1.50C. Banks et a]. (1971a) have shown that the 
difference between amylose contents measured at two temperatures by 
this technique is significant only when material which has a fairly 
small chain length ( C.L.) i.e. 30<C.L.<150 is present. This 
type of material, which forms the subject of Section 14.3 has previously 
been found only in appreciable quantities in the endosperm starch of 
ainylomaize. 
Contrary to the findings of Vineyard et a]. (1958) and 7uber 
et a]. (1960), the apparent amylose -contents of both pollen starches 
are considerably in excess of that reported for the endosperm starch 
of normal maize (ca. 27% amylose). In addition, the interaction with 
iodine at two temperatures, with a significant change in iodine-binding 
behaviour, suggests very strongly that anomalous material, of the type 
found in mature airrlomaize endosperm starch, is present. 
Certain anomalies exist, however, in the present data. In 
the case of measurements carried out at room temperature 
the apparent aiuylose-contents of the pollen starches are 
in the reverse order to those of the endosperm starches, and 
the shapes of the titration curves are not those expected 
of amylomaize starches (see for example curves in Figure 4.2), where 
a linear extrapolation of the curve is not possible. Notwithstanding 
these facts, the slopes of the curves are considerably greater than 
122. 
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Table 4..6 
The Iodine Binding Capacities, and Apparent Awy1oseContents of 
two Mylomaize Pollen Starches, measured at 20.4 °C and 1.8 °C. 
Temperature 
Amylomaize Type 	 20.4°C 
I.B.C. 	% axrtiose 	I.B.C) 	% amyiose 
Band 5 9.2 48 
12.3 55 
Band 7 8.1 42 
12.4 56 
i) I. B. C. = iodine binding capacity (mg 12 bound/100 mg starch) 
1, apparent amylose calculated from 100 x I.B.C. 4- 19.5 (see text) 
% apparent amylose calculated from 100 x I.B.C. 4- 22.14. (see text) 
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those encountered in normal maize starches, and this is especially 
marked in the case of the pollen starch from Band 7 amylomaize. At 
low temperature, however, this anomaly is resolved, for at any 
concentration of free iodine, Band 7 amylomaize pollen starch binds 
more iodine than the starch fran the Band 5 amylomaize pollen. As 
emphasized in Section 4.3, the extrapolations necessary to yield an 
apparent amylose percentage for the abnormal starches from aniylomaize 
are arbitrary and should be interpreted as a qualitative rather than 
strictly quantitative measure of the starch type. 
There is an irreconciiable discrepancy between the present 
data and that previously reported for the starch from amylomaize pollen 
by Vineyard et a]. (1958) and Zuber et al (1960).  It has been shown 
in Section 3.3 that interfering substances, such as protein and lipid, 
seriously depress the iodine binding capacity of starch. Because 
pollen is especially rich in protein and nucleic acids, it would not 
be surprising that a rigorous purification of the starch is required 
if low and erroneous values of the iodine-binding capacity are to be 
avoided. 
ni ii a 4 nn a 
It is concluded that despite the fact that a much wider range 
of genotypes and determinations would be required to determine a 
statistical correlation, the starches from the pollen of axrylomaize 
differ from those of the endosperm in degree, rather than in type. The 
differences in iodine-binding behaviour shown in Figures 4.8 and 4.9 
almost certainly reflect differences in the distribution of anomalous 
material present in both starches. This type of material, characteristic 
of amylomaize, is discussed in detail in Section 4,3 0 
Although the starch-purification stage of this analysis is both 
time-consuming and tedious, this does provide a method of examining the 
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gametophytic generation of the amy].omaize plant, and it is not 
inconceivable that this property could, as in the case of war 
Maim . be utilized to identify heterozygotes without resort to 







The Biosynthesis of Starch 
Introduction 
In recent years, a number of detailed reviews have appeared by 
iianners (1968), Geddes (1969) and Badenhuizen (1969) dealing with the 
biogenesis of starch. These reviews examine in detail the enzymic 
systems which have been detected at the site of starch synthesis, the 
nature of the starch granule, and changes in granule morphology that 
occur during maturation. It is apparent, however, that no satisfactory 
theory for starch biosynthesis in vivo exists, and the major outstanding 
problems are outlined in this section. 
The mode of biosynthesis of starch has been attacked on three 
fronts. Botanists seem to have concentrated on the morphology of starch 
granules and their relation to other components in the starch-synthesizing 
systems. They have established that starch is laid down in specialized 
organelles called plastids. Whilst it is said that all plastids 
accumulate starch at scm3 stage of their life cycle, in specialized 
cases, for example in chioroplasts, starch deposition is transient. 
Plastids in which reserve starch accumulates are generally known as 
amyloplasts, and the stroma or ground-substance of these amyloplasts is 
suggested to contain localized concentrations of starch-synthesizing 
enzymes and complex membrane-structures, the necessary biosynthetic 
material for starch foxmation. 
Biochemists have examined this material and have established 
that several enzymes capable of metabolizing starch are present. Three 
enzymes have been detected which synthesisea-1:4- bonds. 
(1) Phosphorylase can act in both degradative and synthetic modes, and 
catalyzes the reaction 
Glucose 1-phosphate + (glucose)—* (glucose)n+
1  + inorganic phosphate, 
where (glucose) represents a glucose oligomer with n 	units. 
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The amylose synthetases catalyze the incorporation of glucose 
into linear chains of amylose, amylopectin, or low molecular-weight 
oligomer - substrates. The reaction may be represented as 
UDP- or .ADP- glucose + (primer)+UDP or ADP + (primer) 1 and 
D-enzyme isolated from potatoes catalyzes dlisproportionation 
reactions between oligosaccharides. The reaction for example on 
maltotriose is 
or 
L'ialtotriose + malt otriose 	malt±pentacse + glucose. 
If glucose is removed, as for instance by specific conversion 
to the phosphate by enzymic means, the reaction may be forced to the 
right, and arnylose with a degree of polymerisation -50 units has been 
made in this way. The principal role of this reaction is, however, 
more likely to be the production of low molecular-weight oligcmers. 
Only one branching-enzyme is at present known to be important 
in starch synthesis. This enzyme, known as Q-enzyme, catalyzes a trans-
glucosylation in which an x-1:2-bond is hydrolyzed, in a donor molecule, 
and the liberated fragment is linked to an acceptor molecule by an 
a-1:6-bond-. It has been shown that the donor substrate, if linear, 
should beat least ko units long, and that suitable branched molecules 
should have outer chains of at least 14 units. 
It is generally accepted that Q-enzyme may act in conjunction 
with a chain-extending enzyme to form the branched macromolecule, 
amylopectin. The physical properties of amylopectin almost certainly 
reflect the mode of its synthesis, but, as pointed out in Section 2, 
until the amylopectin structure is clarified the exact role of these 
enzymes must remain the subject of speculation. 
Chemists have played their part, in the investigation of starch 
biosynthesis by devizing suitable methods of fractionation and 
characterization of starch. These techniques have been discussed 
in Section 2, and show that starch normally has at least two quite-
distinct, polymer species. The characteristics of these fractions 
were discussed in detail in Section 2, but for the sake of coherence 
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will be summarized here. The major starch component comprising ca 
75. of the starch molecule is branched, some 4-50 of the molecule 
being involved in branch points. This component has molecular-
weights 	
6 
ranging from a minimum of ca 5 x 10 to 5 x 10 , the upper 
accessible limit of molecular weight measurement. These molecular 
weights have been shown to be true values, for no difference could be 
detected when they were measured in disaggregating solvents (Banks et al 
(1972)). The minor component, amylose, comprising some 25% of the 
starch, is essentially linear and ranges in molecular weight fran ca 
10 to 5 x 106 . 
The problem now remains of devizing a suitable model-system 
to describe the formation of the molecular components of starch and 
their accretion in the granule. This section of thesis describes a 
series of experiments which attempt to elucidate some of these out-
standing problems. The first part of this section investigates the 
molecular properties of barley starch during growth. The following 
part describes the changes occurring in granule morphology concurrent 
with these changes in molecular properties, and the final part of this 




The Properties of Starch Components in Barley During Growth 
It is well-established that 
(i) Normal starches contain a heterogeneous mixture of both branched 
and linear material. The fractionation techniques described in Section 
2 allow isolation of these widely-different components from native starch, 
and the methods proposed in Section 3 allo'i measurement of the relative 
proportions of these components in the starch granule. 
(2) As the site of reserve-starch synthesis matures, the starch 
deposited alters in properties. It has been shown that, in wheat 
(Bice et al (1945))., maize ('To1f et al (1948) ; Briander (1960) )., 
barley {Harris and 1,1acVli1lip (1958) }, tobacco leaves {iathesofl and 
'Iheat1ey (1962) }, peas {Greenwood and Thomson (1962b)1, and potato tubers 
{Geddes et al (1965))., the amount of iodine bound by the starche,s increases 
dramatically as growth proceeds. 
These observations are usually interpreted to show that the relative 
amount of the essentially-linear component, amylose, increases as the 
site of starch deposition matures, and the amount of reserve starch in-
creases. The fraction of amylose is calculated from the ratio of iodine-
binding capacity of the starch to that of the pure amylose component, and 
a value of 19-20  mg iodine bound per 100 mg polysaccharide is assumed for 
the latter. Banks et al (l971) have shown that, as chain-length or the 
degree of branching of an amylose varies, concomitant changes occur in 
the iodine-binding characteristics of the amylose. The suggestions of 
Matheson ( 1971 ), and the observations of wood (1960)  and Briones et al 
(1968), that the amylose component varies in its nature with maturity, 
then assumes some significance. 
The present work was undertaken to attempt to elucidate, the 
mechanism by which the components of starch are simultaneously formed, 
and to investigate the cause of the apparent increase in iodine-binding 
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power of the starch granule on maturation. A unique opportunity to 
do this arose when a series of samplasof two barley cultivars of the 
same variety and differing only in starch-type were made available by 
Dr. J.T. Walker. Merritt and Walker (1969) reported that they found, 
in the six-rowed, semi-smooth-awned, spring variety Glacier, two 
distinct genotypes. Banks et al (1971b) confirmed this observation, 
and shoved that Glacier (CI 9676) had a typically-normal starch with 
an apparent amylose-content of 28, whilst Glacier (AC 38) had a starch 
with an apparent arnylose-cohtent ca 42 1j. 
Seeds of these varieties were grown in the field. in 196 9, and 
samples of grain were collected as a function of the time from anthesis 
(i.e. fertilization). Two comparable series of barley grain were thus 
obtained which differed only in their starch. These starches were then 
examined in detail. 
Experimental Methods 
Ears from CI 9676 and AC 38 were dated at anthesis, which occurred 
in the period ca 7th Jily 1969. Samples of the required number of ears 
were collected on the appropriate data after anthesis. 	1ithin one hour 
of harvesting, the grain was removed from the ear, and the awns and 
pales discarded. The remainder of the grain consisting of the pericarp, 
testa, geim, and endosperm was weighed and immersed in O.O1M mercuric 
chloride to inhibit enzymic attack and prevent bacterial growth. Since 
each inflorescence on the same ear anthesed at different times, over a 
period of two to three days, the average date of anthesis was recorded. 
The starches were extracted, purified, fractionated, and 
characterized by the techniques detailed in Sections 2 and 3 of this 
thesis. 
Results 
The average weight of grain per ear and the starch content as 
a percentage of the total dry matter are shown for CI 9676 and AC 38 
in Figures 5.1(a) and 5.1(b), respectively. In both cases, the weight 
132. 
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of grain per ear increases over the period of 5 to 45 days after 
anthesis. The starch deposition appears to occur principally between 
8 and 30 days after anthesis. During this period, (a) starch is laid 
down at a faster rate than other material, and (b) the major changes 
in starch character occur. It is of interest to note that in AC 38 
the final starch content at maturity is 6 lower than that of CI 9676. 
Greenwood and Thomson (1962)noted that varieties of pea with apparent 
amylose-contents of 37% and 69% differed in starch content in a similar 
manner, although in their case the difference was almost 30%. 
The apparent amylose-contents of both series of starches are 
present as a function of maturity in Table 5.1. iiinploying the semi-
micro, differential, potentiometric technique described in Section 3.3, 
the apparent anrlose'contents were found to be constant, within experi-
mental error, when measured at 2000 and 2 0C. This test, suggested by 
Banks et a]. (197 1a), shows that in neither starch is there an appreciable 
quantity of material other than 'normal' 2mylose or amylopectin. 
In both varieties, starches isolated from AC 38 and from 01 9676, 
the apparent amylose-content increases with maturity, despite the large 
difference in absolute values. This similarity in their behaviour 
suggests some common mechanism being involved in the synthesis of starch, 
or in the deposition of the starch granule. 
The properties of the components isolated from the starches of 
CI 9676 are shown in Tables 5.2(a) and 5.2(b). The amylose fractions 
were all free from amylopectin as they were completely converted to 
maltose by the concurrent action of 0--amylase andZ-enzyme. The extent 
of conversion to maltose by crystalline f3-amylase differed markedly as 
the starch matured. This decrease in -amylolysis limit reflects an 
increase in long-chain branching of the molecule {anks and Greenwood 
(1959t)}. Contrary to the results of Wood (1960) on the development of 
wheat starch, and Briones et a]. (1968) on the development of rice starch, 
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Table 5.1 
The Apparent mylose-Contents of the Starches from CI 9676 
and AC 38 as a Function of I.iaturity. 
Arnyl ose_Content 2 ) 
Maturity 	 CI 9676 	 AC 38 
9 15.8 n. d. 
14 19.1 22.5 
20 23.2 28.6 
27 26.2 36.4  
32 29.2 43.4 
46 28.3 15.0 
 Number of days from the average date of anthesis. 
From iodine--affinity at 20.40C, as described in text. 
n.d. Not determined. 
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Table 5.2(a) 
The Properties of the Amyloses from the Starches of CI 9676 
4.) 
1) 2) 3) Iodine 5) 
Sample Maturity {} {$+Z} Affinity {r} 
(%) (ml/9) 
2 14. 100 101 19.4. 215 
3 20 100 99 19.5 248 
4. 27 97 100 19.6 268 
5 32 91 101 19.3 4.03 
6 4.6 83 101 19.6 391 
No. of days from average date of anthesis. 
conversion to maltose by action of crystalline -amylase 
% conversion to maltose by concurrent action of crystalline 
-amylase and Z-enzyme 
Iodine affinity in mg iodine bound per 100 mg polysaccharide 
at 20.4.°C 
Limiting viscosity number in 0.15M KOH 
137 
2 	14 57 
3 20 58 
27 56 
5 	32 56 
6 	14-6 57 
2) 3) 4) 
{8+P } {r} 
1U 
(m]/g) (xlO 
102 148 50 
101 141 100 
99 152 250 
100 143 250 
101 141 250 
l)___5) 
IA CL IntCL Ext CL 
0.69 20.2 6.2 14.0 
0.99 21.5 6.5 15.0 
1.10 20.2 6.4 13.6 
1.06 20.7 6.6 14.1 
0.42 20.8 6.6 14.2 
i) 	1) 
Sample Maturity {} 
Table 5.2(b) 
The Properties of the Amylopectin from the Starches of CI 9676 
As in Table 5.2(a) 
conversion into maltose under the concurrent action of 6-amylase and 
pullulanase 
Limiting viscosity number in methyl-sulphoxide (DMSO) 
,.eight average molecular weight from light scattering 
Average length of unit chain, i.e. the no. of glucose residues per non-
reducing chain-end 
6) Internal chain-length; calculated from: mt CL = 7L - Ext L 
External chain-length; calculated from: Ext CL = (CL) x {6} + 2.5 
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the iodine-binding capacities of the amyloses do not vary with maturity. 
In the light of the supporting evidence presented here that the ainyloses 
are of high purity, it seems liely that the previous observations that 
amylose iodine-binding characteristics are a function of maturity are 
in error, and are due to incomplete separation of the branched fraction. 
This work also provides conclusive evidence that the observed increase 
in iodine-affinity of the total starches is a true reflection of the 
increase in amylose-contents. The limiting viscosity number of the 
amylose fractions increased considerably with maturity, almost doubling 
in the period irnder examination. This viscosity measurement was 
reproduced within 3 on a duplicate fractionation of a mature starch, 
and in consequence a fair degree of confidence may be placed in this 
observed increase in molecular size. 
The amylopectins isolated from CI 9676 have the properties shown 
in Table 5.2(b). The iodine affinities Show that these fractions have 
a maximum impurity of 5o linear material, assuming that the arnylopectin 
itself makes no contribution to iodine-binding. It is apparent, there-
fore, that the branched fractions are adequately pure. The extent of 
conversion to maltose by crystalline 3-amylase is constant within 
experimental limits, and the efficiency of this measurement may be judged 
by the complete conversion to maltose by the concurrent action of 0 -amylase 
and pullulanase. This is in contrast to the findings of Geddes et al 
(1965) who found that the 0 -amylolysis limit of potato amylopectin 
decreased with increasing maturity 	On the other hand Thomson (1961) 
had reported earlier that the t3-ainylolysis limit of potato amylopectin 
increased with increasing maturity. Also in contrast to the findings 
of Geddes et al (1965) and Thomson (1961), the ainylopectins isolated 
from CI 9676 were found to have no variation in chain length, within 
experimental error. The average internal and external chain lengths 
were calculated and found to be 6.5 and 14.2 respectively. These values 
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agree well with those of Banks et al (197b)  for the mature starch. 
The molecular-weights of the amylopectins increased five-fold during 
the period under examination, and paralleled the increase in molecular 
size of their respective amylose counterparts. The limiting viscosity 
numbers of the ainylopect ins did not vary significantly, but this merely 
reflects the insensitivity of viscosity measurements when applied to 
branched molecules of very-high molecular-weight. 
Table 5.3(a) and 5.3(b) present the comparable data for the 
starches isolated from AC 38. Here it is surprising to find that, 
despite the obvious disparity in granular properties and amylose-content 
of the starches from CI 9676 and AC 38, a strikingly similar pattern 
emerges. For the barley of high azaylose-content, the major changes are 
(i) a dramatic increase in the size of the molecular components and (2) 
a decrease in the extent of conversion of the amylose to maltose by the 
action of crystalline 8-amylase. This pattern of growth is identical 
to that of CI 9676, despite the significant difference in the properties 
of the branched fraction. In agreement with Banks et al (1971b)the 
average lengths of unit chain of the amylopectin fractions from AC 38 
were found to be higher than those of the branched fractions from Cl 9676. 
Conclusions 
This work has demonstrated that the amylose content of barley 
starch is a function of maturity. It has also shown that, although 
the molecular components of starches from AC 38 and CI 9676 are quite 
dissimilar in character, the pattern in which starch is laid down is 
remarkably alike in both genotypes. Although these barley starches 
are laid down in a manner quite unlike that of potato tuber starch or 
pea starch, there are again quite remarkable analogies. It is clear 
that for a particular genotype, or even cultivar, the properties of the 
starch during growth are a function of maturity. The significance of 
this finding and of some of the other observations in this section is 
discussed in Part L. of this section. 
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Table 5.3(a) 
The Properties of the Amyloses from the Starches of AC 38 
1) 1) i) iodine 1)  i) 
Sample Maturity (} {+z} Affinity { n 1 
2 34 100 98 20.1 
3 20 98 101 19.2 
200 
L. 27 95 100 20.0 
242 
5 32 90 100 19.5 
n.d. 
7 46 92 99 n.d. 
370 
i) As in Table 5.2(a) 
2) n.d. = not determined 
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Table 5.3(b) 
The Properties of the jry1cpectin from the Starches of AC 38 
1) 2) _2) 2) i) _2) 2) 
Sample Maturity 1,31 {a +P } 17 IA CL mt CL Ext CL 
3 20 62 99 n. d. n. d. 24.7 
7,0 17.5 
4 27 59.5 100 n. d. 0.94 
25.0 7.6 17.4 
5 32 62.5 100 150 0.53 24.1 6.5 
17.6 
7 46 62.0 101 250 0.47 
24.8 6.9 17.9 
i) As in Table 5.2(a) 
2) As in Table 5.2(b) 
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Section 5.3 
The Properties of the Starch Granules During Growth 
Introduction 
In the preceding part of this section, it has been demonstrated 
that the properties of the components of two barley starches, widely 
different in type, exhibit very similar changes as the plant matures. 
This section describes the characteristics of the starch granules 
during the same period, an . attempts to correlate these two sets of 
properties. 
Experimental Method s 
The starches used, were those isolated from the barley varieties 
AC 38 and Cl 9676, and used for the work detailed in Section 5.2. At no 
time had these starches been subjected to chemical treatments or 
t npe rat ure s in excess of 2500,  and in all cases the starches had never 
been dried. 
i.icroscopic measurements of barley starches are complicated by 
the irregularity and diversity of shape of the granules. The granules 
in both cases were approximated by oblate ellipsoids having a major axis 
twice that of the minor ads. It was assumed therefore that the density 
of all the starch granules was equal, and then by use of the relation 
weight = (density) x (volume) where 
2 	3 \=ir a, 
and V = volume of the starch granule, 
a = size of major axis of the granule, 
	
the weight of the granule was estimated. 	AU curves were normalized 
by expressing the number and weight of the granules within a size-range 
as a percentage of the total. 
To ensure that a representative sample was obtained at least 
2000 granules were measured from each group, and photomicrographs of 
at least four different fields, of the same sample, containing at least 
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500 granules each, were taken. Measurements of granule size from 
individual fields usually agreed vithin ± 5, and in no instance was 
the deviation greater than ± 10. The sampling and photographic 
conditions were held constant throughout the series of experiments, 
and although the absolute values of granule size may be subject to a 
limited error, the relative sizes are directly comparable for both 
series of measurement, 
Results 
The curves of frequency-distribution and weight-distribution 
as a function of granule size are shown in Figures 5.2 and 5.3 for 
CI 9676 and AC 38 respectively. These data, when combined with those 
in Figure 5.1, yields the curves shown in Figures 5.4 for the development 
of starch granules within low, middle and upper size classes. The 
weight of starch granules within a size range was chosen as the 
important property of the total starch, for this parameter, hot the 
number within a size-range, is directly related to the major properties - 
swelling-behaviour, arnylose-content of the starch. 
Quite striking differences appear between the two sets of 
curves - in the case of CI 9676 progressively larger granules appear 
as the plant matures, whilst in contrast, small granules appear to be 
the major population throughout maturation of AC 38, and relatively 
more are produced as the plant develops. The results for CI 9676 
follow broadly the findings of y and Buttrose (1959) and MacGregor 
et al (1971) for other normal barley starches, but are in contrast to 
the findings of }lerritt and'Walker (1969) for starch from the same 
barley variety. As shown in Figure 5,2, a binodal distribution of 
granule sizes becomes apparent for CI 9676 at around 27 days from 
anthesis. Two types of granules, confusingly named "A type", i.e. 
those granules over 15 microns, and "B type", i.e. those granules 
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FIGURE 5.3A 	AC 38 
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the "B-type" granules form over 80% of the starch by number, but 
under 5% by weight. 	and Buttrose (1959) propcsed that 
the "A type" granules are formed by successive apposition of starch 
material on a small number of nuclei, and at about 14 days after 
anthesis, "B-type" granules are initiated and form in vesicles 
between the, by then large, "A-type" granules. The work of 1.1acGregor 
et al (1971) substantiates the appearance of a secondary population, 
which in their case occurs at 21 days from anthesis. In this present 
work, no samples were analysed in detail before 11+ days from anthesis, 
because up to this date, considerable quantities of pericarp starch 
derived from maternal tissue are present in samples of the whole grain. 
The limited quantity of material available precluded dissection of the 
grain to yield well-haracterized fractions. Notwithstanding this 
limitation, the results in Figure 5.4 do suggest that, after 14 days 
from anthesis, there is little overall change in the number of "B-type" 
granules, and that the large granule population increases at the expense 
of granules in the intermediate ranges. This would be consistent with 
a mechanism in which no new granules in the "A-type" population were 
born and those already present grew by apposition. 
The starch of high amylose-content from AC 38 shows a completely 
different pattern, for the mature starch appears to have only a single 
distribution of granule sizes (see Figure 5.3) and the average granule 
size is very much less throughout the growth period. Small starch 
granules play a dominant role, as they appear to increase in relative 
numbers after the larger granules have ceased to grow. Although the 
results presented by Merritt and 7alker (196 9) for AC 38 are erratic 
and somewhat haphazard, they do record a relatively large influx of small 
granules at the later stages of growth. The dominance of small granules 
in the populations of AC 38 is well exemplified by Plates 5.1 - 5.5, where 
scanning-electron micrographs (SEM) of samples of starch with increasing 













Starch from AC38, 9 days after anthesis when pericarp 




LAiE .2 	Starch from AC35, 14 days after an thesis ; predominantly 






Starch from AC 38, 27 days after achesis; granules are 
fairly large on average. Scale 1 cm = 13.5 microns. 







Starch from AC38, 32 days after anthesis; note influx 
of smaller granules. Scale 1 cm = 13.5 microns. 
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PLATE 5.5. 	Mature starch from AC38 with many srnafl granules, 
46 days after anthesis. Scale 1 cm = 13.5 microns. 
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PLATE 5.6 	Mature starch from CI 9676, 46 days after stheais 
with typical large and small types of granules. 
Scale 1 cm = 13.5 microns. 
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for comparison purposes, and shows the typical bi-nodal granule 
population. 
Liicroscopic examination of the starches from CI 9676 and 
AC 38 did not reveal the major changes in granule morphology exhibited 
by wheat starch during growth, e.g. Sandstedt (1946) and latterly Evers 
( 1971 ). In agreement with Badenhuizen (1969), many irregular- and 
kidney-shaped granules were observed at early stages of growth of 
CI 9676 - see Plate 5.7(a) and (b) - and were not significantly in 
evidence at maturity - Plate 5.8. Caution must, however, be exercised 
in interpreting the relative scarcity of kidney shaped granules in the 
mature starch, since there are ca 10 times as many granules in this 
size class at maturity compared to the period 14 days after anthesis, 
and consequently the relative abundance of this type is much less. 
in AC 38 the starches are very little different in appearance 
at ])+ days after anthesis and at maturity. Plates 5.9(a) and 5.9(b) 
show this point quite clearly for, although there is a factor of three 
in the magnification, the external appearance of the granules is very 
similar. 
Summary 
The growth patterns for the starches from CI 9676 and AC 38 
are quite different, for, in normal barley the overall starch properties 
are controlled  by the largest granules in the population, which increase 
in size with maturity, whilst in barley starch of high amylose-content, 
small granules assume the dominant role and become progressively more 
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PLATE 5.7 (a) 	Micrograph of starch from CI 9676, 11 days from 
&lthesi s, kidney shaped granules are arroved. 




S.E.M. of starch from CI 96765 11 days after aeii. 
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PLATE 5 .8 	Light micrograph of starch from CI 9676 at 
maturity, 16 days after anthesis; the typical 
binodal distribution is seen with large "A" 
type granules and very much smaller "B" types. 
Scale 1 cm = 16.5 microns. 
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PLATE 5.9 (a) 	Starch from AC38, iL days after anthesis. 
Scale 1 cm = 2.4 microns. 
PLATE 5.9 (b) 	Starch from AC38, 16 days after thesis. Scale 
1 cm = 7.2 microns. 
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Section 5.4  
Interpretations and Conclusions 
The preceding Parts of this Section have shown that, as the 
barley plant matures, there are significant changes in the amylose-
content and granule morphology of the endospexm starch. The relation 
between the arrylose-content and the average size of the granules, 
calculated on a weight basis is shown in Figure 5.5, in which data, 
from the work of MacKenzie (1964), is also presented for comparison 
purposes. Although the starches from normal barley (CI 9676) and 
potato show a fairly linear increase in ainylose-content with increasing 
granule size, in contrast, there is no significant correlation between 
these properties for starches of high amylose-content fran AC 38. Before 
any attempt may be made to interpret these observations, it is desirable 
to examine in some detail the mechanism by which both amylose and 
amylopectin are formed simultaneously, and the way in which these 
polymers are subsequently deposited within the starch granule. 
Three model systems have been proposed for the simultaneous 
formation of linear and branched material. Whelan (1963) has proposed 
a system whereby amylose and amylopectin are synthesized independently 
within the plastid. Jmylose synthetase is localized on one side of 
a membrane, whilst Q-enzyme and amylose synthetase occur together on 
the other side. The membrane, for which arnylopectin is proposed as 
a suitable material, allows penetration of sugar nucleotides only, and 
effectively separates compartments synthesizing individual components. 
The major fault in this postulate is that no experimental evidence for 
such a membrane with highly selective properties exists, but in view 
of the ready permeability of the whole starch granule to small molecules, 
e.g. NalO, it is possible that amylopectin performs this role in situ. 
Geddes and Greenwood (1969) propose that linear material is 
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by intense synthesis of linear material at the granular surface is 
then suggested to occur, and the amylose then precipitates before 
it may be branched. It is suggested that such a system may explain 
the increase in amylose-content of starch granules with maturity. 
Erlander (1958) postulated anew debranchirig enzyme for starch 
synthesis from ph3rtoglycogen, a material shown by Greenwood and 
Das Gupta (1958) to be similar in structure to highly-branched, 
mammalian muscle- or liver-glycogen. Phytoglycogen was proposed to 
act as the common precursor of both branched and linear material, since 
deQbranching yielded a less highly branched structure, amylopectin, and 
the linear material so liberated in this process was fused enzymically 
to form aniylose. Although phytoglycogen is present at maturity in 
certain varieties of maize { iayw aid et al (1955)), there is no evidence 
that it is normally present at the site of starch synthesis in other 
cultivars. This fact, and the absence of a detectable enzyme with suitable 
debranching properties, costs doubts on the validity of this hypothesis. 
Of the above theories none are at all satisfactory, and only 
the scheme of Geddes and Greenwood (1969) is capable of any rational 
modification to account for the experimental observations of this Section. 
The problem of amylose formation may be solved if (a) branching activity 
is restricted, either by having fewer sites for branching than for chain 
extension, or sites where the efficiency of branching is low and (b) if 
a suitable mechanism for the isolation of linear material so formed is 
available. 
This latter postulate stresses the inadequacy of the schemes 
for concurrent synthesis of amylose and amylopectin,: for without this 
restraint no rational explanation may be advanced. As discussed in 
Part 1 of this Section, the branching enzyme is highly specific, but 
this specificity aioiae does not suffice to explain amylose formation 
in its presence. For example if the branching enzyme is able to accept 
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chains with a minimum unit length, then the lower limit of unit-
chain length is easily defined. In practice, it is more difficult 
to conceive of the restriction on the upper limit for branching, which 
is unlikely to be specified by size alone, since amylose is converted to 
a branched molecule by Q-enzyme isolated from potatoes {Haworth et al 
(i9a) .}. 
To render the linear chains inaccessible to branching, upon 
reaching a certain size, two in vitro methods are possible - complex 
formation or retrogradation. Retrogradation is unlikely, for amylose 
is easily leached from granular starch, and as amylose readily forms 
complexes with protein and lipid a mechanism of the first type is 
more likely. 
All native granular starches contain some tightly-bound lipid, 
released only after complete dispersion of the starch (see for example 
Section 3.3 of this work), while the same starches may be purified to 
an essentially protein-free state. imylose-lipid complex formation is 
thus a possible method by which the molecule is rendered inaccessible 
to branching enzymes. Such a mechanism is unlikely to be of high 
efficiency, and this might explain why (i) some long chains are present 
in amylopectib, (2) some branch points occur in amylose, and (3) 
a small 
amount of material of intermediate character is present in all starches. 
It is interesting to note that while Q-enzyme will branch amylopectin 
with outer chains larger than l- units (Lamer (1953) }, it iaalow to 
act on linear molecules with less than 40 units in the chain (Peat et al 
(1953) }, about the level at which amylose starts to form inclusion 
complexes {Banks et al (197]a)}. 	The following tentative scheme 
for starch biosynthesis is therefore proposed 
(1) In most starches, Q-enzyme is much less efficient than 
chain-extension mechanisms, and pools of linear material are so formed. 
Upon reaching IF l.-O, the amylose becomes capable of forming inclusion 
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complexes with lipids, to become less accessible to Q-enzyme activity; 
and (2) since branched material becomes a substrate for Q-enzyme, 
when its outermost chains are about one third of the length of a corres-
pondingly accessible linear chain, a system, once initiated as in (i) 
above, will tend to become self-perpetuating (provided that chain 
extension proceeds at equal rates in both linear and branched molecules). 
The above scheme is not intended as a complete representation 
of the biosynthetic mechanism for starch, but is capable of extension 
to explain the changes observed in growth for all the starches examined 
to date. Since the branching enzyme specificity does not change during 
maturity - the ainylopectins from CI 9676 and AC 38 do not change in 
nature with growth - a relative decrease in its activity would account 
for the observed increase in anylose-content of the starches. 
Geddes and Greenwood (1969) suggest that the enzymes in starch 
synthesis are regulated by being attached to the granule surface. At 
the time that work was presented, this postulate had two major 
advantages over other suggestions. Firstly it explained the change 
in amylose-content of potato starch granules with size and secondly 
it allowed the formation of planar amylopectin molecules. This latter 
concept was advanced by Greenwood (1956) to explain the hydrodynamic 
behaviour of the polysaccharides, e.g. Banks et al (1972),  and to 
rationalize the ability of a branched molecule to form crystalline 
structures within the starch granule. The experimental evidence in 
iigure 5.5, however, shows for AC 38 at least, that amylose-content 
is a function in general of maturity rather than size. A simple 
modification of Greenwood' s hypothesis, by localizing the starch-
synthesizing enzymes on the anwloplast-membranes, allows the formation 
of amylopectin with a two-dimensional structure, and would explain the 
observed changes in starch during growth, if, as the amyloplast developed, 
the relative number of sites for branching decreased. This present 
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theory has certain advantages : 
(1) Greenwood.' s hypothesis requires that as the molecules are 
synthesized, they are laid down tangentially to the granular surface - 
a condition which seems to be unlikely by evidence presented later 
i?rey-Wyssling (190) and 
(2) if the starch-synthesizing enzymes are on the granule surface 
then, as the granule increases in size, the enzymes must recognize 
this property to vary the amylose-amylopectifl ratio. In contrast, 
if the starch-synthesizing enzymes are localized on the plastid membrane 
surface, then the plant itself controls the regulatory mechanisms, but 
it is also necessary to postulate that starch granules are formed in 
two distinct and separate stages, i.e. (i) amylose and arnylopectin 
material are synthesized by processes outlined above, and (2) subsequently 
these polymers crystallize from a heterogeneous solution to form the 
starch granule. 
The observed changes in granule properties with maturity are 
compatible with this hypothesis, but two quite different alternatives 
are possible 
as the plant matures, the amyloplasts change in size and in their 
relative contents of branching enzyme or, 
during development, new amyloplasts are born with, inherent in 
them, relatively fewer sites capable of branching. 
The evidence presented in Figure 5.5 favours the second alter-
native as a general case, for by this means it is possible to have a 
completely different type of granule formed as the plant matures and 
all the starches in Figure 5.5 could be accomodated within one scheme. 
This point will be discussed further later in this Section, but before 
doing so, it is desirable to examine what is known about the detailed 
structure of the starch granule and its mode of formation. 
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The organization of molecules within the starch granule may 
be examined on two levels 
(i) on a molecular level, x-ray measurements, e.g. Ka (1937), 
reveal a complex diffraction pattern, which has been interpreted 
to show that the molecules within the starch granule exist in a 
partially crystalline form, as a number of different helical con-
figurations (for a review of this topic see sterling (1968) 1 
Various types of x-ray diffraction pattern are observed, but there 
appears to be little correlation between such patterns and other 
observed granular properties. 
(2) on a supra-molecular level, starch granules are optically 
anisotropic and display a marked birefringence pattern (see Plate5.10b). 
This type of pattern has been interpreted {?reyvssl 	(1940)) to 
show that the optical axes with higher refractive indices are arranged 
in a radial fashion. Caution must be exercised in interpretation 
of this phenomenon, for although the major axis of the polymer and 
the major optical axis coincide when the molecule is in an extended 
form, it is less easy to predict the relation between overall molecular 
orientation and optical symmetry if the polymer is in a helical state - 
as in the crystalline areas of the starch granule. 
Despite the lack of precise knowledge of the granular structure 
of starch, the granule has many similarities to a polymer spherulite 
eddes and Greenwood (196 9) 1 , but although there is much information 
available on the nature of polymer spherulites, little attempt has been 
hitherto made to relate this data to that on starch granules. On 
consideration of the extensive review articles by Price (1959), 
Lindenmeyer (1963), 1'iiaxelkern (1961+) and Keith (1963) the followihg 
concensus opinion on polymer spherulite appears - when the polymer 
crystallizes it does so from primary nuclei; as the process of 
crystallization proceeds, progressive layers of material are deposited 
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on these nuclei, imperfections or defects being excluded and 
pushed outwards into the melt or solution. Often defects or 
dislocations change the orientation of the crystal, and cause 
branching or twinning. Where such defects occur frequently, 
the mode of crystallite extension is dominated by branching and 
a radial skeleton quickly develops with large amounts of imperfect 
material, rejected from the crystalline fibrils, incorporated in 
the overall structure. 
It is at once apparent that analogies to this form of 
structure exist in the starch granule. imylopectin is the basic 
structural component of starches - 'waxy' starches containing no 
ainylose show identical birefringence {Baker and 7lhelan (1950) } and 
x-ray diffraction patterns to their 'normal' counterparts - and the 
branch-points may provide the defects necessary for frequent branching 
of the growing crystallites necessary for sphenalitic growth. 
Radiating ibrils of material, resistant to fracture by mechanical 
manipulation, have been observed in potato starch by Sterling 
(1971 ) using scanning electron microscopy, though this work gives no 
indication of the nature or orientation of the molecules within the 
fibrils. A model for starch granules of radiating, para-crystalline 
fibrils of amylopectin, the interstices of which contain predominantly 
amylose, is consistent with many of the experimental observations on 
starch and conforms to the typical spherulite structure. 	This model 
is substaritiatedby the gentle leaching experiments of Banks (1960), 
where anylose is preferentially leached from potato starch at its 
gelatinization temperature, and by the work of Cowie and Greenwood 
(1957), and by the data presented in Section 4 of this thesis, where 
extensive leaching of granular starch at elevated temperatures leaves 
a residual starch structure rich in the branched component. Several 
methods have been suggested by which starch granules may be derived 
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from concentrated solutions of the polymeric components, and a 
close examination of these is necessary before any conclusion may 
be made regarding starch structure and changes during growth. 
Nucleation is generally agreed to occur from coacervates - 
coacervation is a process in which phase separation occurs in 
hydrophilic sols to yield colloid rich droplets (the coacervate) 
in a medium replete of co-ibid. The polymer within the coacervate 
droplet crystallizes to form erithyronic starch granules {i.actiasters 
et al (1946) and Erlander (1961)) . 	Subsequent growth is possible 
by a number of different processes :- 
by the successive apposition of layers of material in con- 
centric shells, 
by progressive crystallization from a nucleus outwards, i.e. 
on extended f aim of the process invoked for initial nucleation or, 
by growth inwards from a shell, a process known as intussusceptiofl. 
The third type of mechanism is ruled out as the general case, 
because radio-chemical experiments by Badenhuizen and Dutton (1956) 
and Yoshida et al (1958) indicate that starch granules grow from nuclei 
outwards. Of the other modes of granule formation, growth by 
successive apposition of layers is generally favoured, e.g. B.denhuizen 
(1969), Buttrose (1960), Evers ( 1971 ) and Geddes and Greenwood (1969). 
The only major argument in favour of growth by apposition of successive 
layers of starch seems to be the occurrence of concentric rings or 
lamellae in some starch granules. Lly and Buttros (1959) and 
liuttrose (1960) associate such rings in wheat starch with diurmal 
variations in growth. They showed that wheat starch isolated from 
plants grown under constant illumination showed no ring structure, 
whilst starch from plants of the same variety grown in natural day-
night regimes showed definite lamellae. Latterly 3vers (unpublished 
experiments, 1972) has confirmed these observations, but has also shown 
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that major differences in grain morphology occur e.g. in protein 
content. Other points are that (i) the ring structure does not 
become apparent by light-microscopy until the starch is treated 
either with amylolytic enzymes or by concentrated acid; (2) potato 
starch, which exhibits a definite ring structure without chemical 
modification (see Plate 5.10a) does so whether tr not the plant is exposed 
to continuous illumination; and (3) the ring structure produced after 
chemical treatment of wheat starch is concentric, a fact difficult to 
reconcile with the proposed growth stages of Sandstedt (1946) and Evers 
( 1971 ). By the apposition theories of these authors, one would expect 
considerable irregularity in the lamellae corresponding to early stages 
of growth. 
The anomalies in a gerra1 hypothesis of appositive growth 
are however overshadowed by one major objection - the occurrence of 
compound starch granules. 
A compound starch granule is one which is characterized by 
several birefringence nuclei when examined by crossed polars. Two 
examples with relatively high numbers of compound starch granules are 
examined in this work - potato and wrinkle-seeded pea starch, though 
compound granules have been observed in very limited numbers in wheat 
starch{ Gough (1972 ) } and maize starch. 
Although potato starch is not usually  thought to have compound 
granules, some photomicrographs in the literature clearly show their 
existence[Seidermann(l966 ) and Schoch (1961).]. A wide survey of 
potatoes revealed a source rich in compound starch granules in a potato 
tuber. Pentland Dell. Plates 5.10(a) and 5.11(a) showsin1p1e granules 
with distinct rings structures and compound granules from the same starch 
sample. It is emphasized that these starch granules are derived from 
one tuber. 	Note the appearance of the triplet granule, where there 




PLAr 5.10 (a) 	Light micrograph of typical potato starch granules 
with rings. Scale 1 cm = 10 microns. 
PLATE 5.10 (b) 	Same field as Plate 5.10 (a) viewed between crossed 
polars, demonstrating typical birefringence patterns. 







PLATE 5.11 (a) Micrograph of potato starch from same sample as in Plate 
5.10 (a), shoring compound granules. Faint rings are 
discernible within the segments of the triplet Frsanule. 
Scale 1 cm = 9.5 microns. 	 -- 
PLATE 5.11 (b) 	Field of Plate 5.11 (a) viewed between crossed polars 
demonstrating the multi-nucleate nature of the coapoun 
starch granules. Scale 1 cm 9.5 microns. 
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is surrounded (see Plate 5.11(a) ) by faint but discernible rings. 
It is quite inconceivable that this granule grew by apposition in 
the sense implied by yv and Buttrose (1959). 
The existence of compound granules in wrinkle-seeded pea 
starch is disputed by B adenhuizen (1969) who insists : 
impression of a compound granule is created because the mature 
starch is subdivided into segments by radial fissures. By definition 
a compound starch granule is formed from several granules, originating 
in one amyloplast and growing together, . . ." Plates 5.12 and 5.13 
show typical photo-micrographs of wrinkled-seeded pea starch, which 
may be interpreted in this way.. However using scanning electron 
microscopy, Plate 5.14 of a general field, and Plates 5.15 to 5.19 
show clearly that a wide range of ccmpound. granules do occur, with 
three to over seven clearly defined segments per granule. It is 
improbable that such granules could occur merely by shrinkage of a 
spherical granule under conditions of dehydration. Badenhuizen (1965) 
also states quite categorically that : "each (wrinklQ-seeded pea) 
granule has one polarization cross only". Plate 5.20(a) shows the 
field from Plate 5.12 between crossed polars. It is difficult to 
see why each granule has only one polarization cross [compare with 
Plate 5.10(b)] , though an unusually symmetrical granule with four 
segments in centre field could be described in this manner. The 
other granules with a larger number of segments most definitely do 
not have simple birefringence patterns. This point is best seen in 
Plate 5.20(b), where the field in 5.20(a) has been photographed with 
crossed polars and with an interference plate (Red I) at 45 0 angle 
to the polarization planes. It is unnecessary to examine the optical 
theory producing such patterns, for the effect is merely to enhance 




PLATE 5.12 	Light micrograph of cuiipound starch granules from 
wrinkled seeded pea. Scale 1 cm = 10 microns. 
PLATE 5.13 	3.E.!-I. of starch granule from wrinkled seeded pea, 
with radial cracks. Scale 1 cm = 3.6 microns. 
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PLATE 5.14 	S.E.M. of general field of starch from wrinkled- 
seeded pea, with on admixture of compound and 
simple granules. Scale 1 cm = 114 microns. 
PLATE 5.15 	S.E.11. of wrinkled-seeded pea starch granule with 
three distinct segments. Scale 1 cm = 1.8 microns. 
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iiTL .iC 	 of wr.nc1ed-seeded ea starch E.ranule with four 
segments and central hole. Scale 1 cm = 3.6 microns. 
PLATE 5.11 	Five sesiiented granule of wriakleU-seeded pea starch. 





S.E.M. of different types of compound starch granules 
from wrinkle—seeded pea. Scale 1 cm = 3.6 microns. 
-1,00' 
7. 
PAT 5.19 	Wrinkle—seeded pea starch granule with over eight segments 
and small spherical granule resting in central depression. 
Scale 1 an = 3.6 microns. 
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PLATE 5.20 (a) 	Granules of wrinkled—seeded pea 
starch from fie1. 
of Plate 5.12 between crossed polars in light 
microscope. Scale 1 cm = 10 microns. 
PLATE 5.20 (b) 	Light micrograph of wrinkled seeded pea starc: 
from field of Plate 5.20 (a), with crossed polar 
t o 
and Red 1 plate at 45 . Scale 1 cm = 10 micron- 
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The above work shows that compound starch granules do occur 
in some varieties of the pea and the potato. In both cases, growth 
of the granules by successive apposition on nuclei leads to conceptual 
difficulties, especially to accommodate the hole in the centre of 
compound pea-starch granules as shown in Plate 5.19. A more reasonable 
suggestion would be to consider spherulitiC growth in one continuous 
step from several simultaneously initiated nuclei within a large 
coacervate droplet. Compound spherulites with sharp, linear 
boundaries would be formed as in the case of the typical polymer 
melt ( see for example Sharples (1966) ), and would have optical prop-
erties similar to those observed in Plates 5.11(b) and 5.20(a) and (b). 
Ringed structures are common in synthetic-polymer spherulites, 
and have been explained in theories by Price (1959) and Keller (1959) 
not involving successive layers of material. Both authors interpret 
the ring phenomena as due to twisting of crystalline fibrils during 
growth of the spherulite. 
The above evidence suggests that pea and potato starch granules 
may form by spherulit ic cxystallization in a continuous step, but it 
is rather more difficult to justify such a hypothesis in the cases of the 
barley starches examined earlier in this Section, and of the wheat starch 
examined by Evers (1971). Such a theory would, however, account for 
the predominance of different types of granule during growth, without 
invoking complex theories of successive apposition in a highly specific 
manner. It is also then simple to conceive of the dramatic changes in 
overall amylose-content of a starch during maturation without individual 
starch granules being required to display heterogeneity from the centre 
to the periphery - in accord with other observations of Badenhuizen (1956). 
Using the model of spherulitic growth, different granules could be laid 
down at different stages of growth, and hence, as all the starches shown 
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in Figure 5.5 demonstrate, the total starch properties could be a 
function of maturity. The idea of changes in the type of plastid 
formed is in agreement with the above evidence, and for that 





ITS STRUCTURE WITH 
SPECIAL RELATION TO 
ITS USE AS A BLOOD 
PLASMA VOLUME EXPANDER 
6.1 Introduction 
The hydroxyethyl derivative of starch has been known since at 
least 1920  when German Patents were issued describing the reaction of 
alkaline-starch with ethylene oxide. In the past two decades, lIES has 
assumed considerable commercial importance as a sizing agent in the  
textile and paper industries. The magnitude of its use may be judged 
from the production figures for 1964, when in the United States of 
Mierica alone, sane 45,000 tons were produced. 
The last decade has seen an upsurge of interest in lIES as a 
potential blood-plasma exi.arider and cryoprotective agent for 
erythrocytes. The starch component amylopectin, bears a considerable 
resemblance in structure to the mammalian, reserve polysaccharide, 
glycogen. It is, however, highly susceptible to the action of serum 
amylases, and its intravascular persistence is so low as to provide no 
efficient therapeutic effect. The introduction of substituent groups 
into starch makes the material less susceptible to the action of enzymes. 
?ith this in mind, Vliedersheim (1957) tested liES as a potential plasma 
expander and found that it was relatively non-toxic. 
This work was subsequently confirmed by Vlalton and co-workers, 
e.g. Thompson et al (1962, 1964a, 1964b, 1970) and i3ogan et al (1969). 
These workers have expanded the work of iiedersheim (1957) to show that 
lIES produces no more deleterious effects in experimental subjects than 
the widely used bacterial polysaccharide, dextran. In addition, HJS 
exhibits superior resistance to precipitation under extreme conditions 
designed to promote crystallization.{Shields et al (1965)}. 	Granath 
et al (1969)  have set forth some opposition to the claimed, non-toxicity 
of lIES though their work has been challenged by Brake (157 0 ). 
{cf Granath et al (1970) ). 
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Knorpp et al (1967) have suggested that HES may be used as 
an extracellular agent to protect erythrocytes from freezing damage 
and subsequently cnorpp et al (1971 ) reported promising results for 
the use cf HS in this role. 
The present work deals with the chemistry, and physical chemistry 
of liES - subjects which have not been considered in detail by those 
dealing with the pharmacological use of the material. The next part 
of this section presents a review of the current literature. 
6.2 A Review of the Current Literature Concerning Hydroxyethyl Starch 
(a) Formula for liES 
The basic repeat unit of starch has the structure : 
(6) CH2OH 




0(13) 	OH 	H 	C(1) 
_1 N 1 c ( - 3— 
H 	01-i 
where the carbon atoms are numbered as shown. The reaction of ethylene 
oxide with starch may be represented as 
0 
base 
- OH + 0112 - 0112 	 ROCH2CH2OH 
STARCH 	1TiiYLNE lIES 
OXIDE 
It is at once apparent that this reaction may occur at three 
different sites in starch, on carbon atoms C(2), 0(3) or 0(6) or on any 
combination of these three sites. In addition, the newly generated 
hydroxyethyl group has a reactive hyd.roxyl group which may itself react - 
0 
/ \ 	base 
RD - CH2CH2OH + CH  - CH RO - CH2 3H2OCH2CH2OH 
liES 
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to form side chains of pbly-(ethylene oxide). This complex behaviour 
requires that a general formula for hiSS be given by 
CH(OC11 0C:i,). -OH 2 	- 
C 0 HX 1 	 11 
0 	 HC 
/-? 0— 
HO- 	220) 	 (OCH2CH2 ) Z-OH 
x, y, z0, 1,2 ..... 
It is necessary, not only to specify the fraction of each type 
of site on the polymer backbone which is substituted, but also to 
indicate the amount of polymeric substitution which occurs as side-
chains. This is best done by assigning four separate rate constants 
k2 , k3 , k6 and kp to the substitution reactions at 0(2), CO), 0(6) 
and the newly-introduced hydroxyl group 0(p) and describing the final 
polymer structure in terms of these four rate constants. 
If, following the principles of Spurlin (1939), it is assumed 
that the introduction of a substituent at any one of the three available 
hydroxyl groups in the glucose residue does not affect the reactivities 
of the remaining hydroxyls, and that the substitution at each of the 
three functionalities is kine-tically of the first order, then 
S2 = 1 - exp (-k2t) 	 (1) 
S3 = 1 - exp (-k3t) 	 (2) 
S6 = l-exp (_k6t) 	 (3) 
!here S2 , 53 and S6 are the fraction of hydroxyl groups substituted at 
positions 0(2), 0(3) and 0(6) at time t. 	(These relationships are 
derived in detail in part 3 of this section). The rate of formation 
of polymeric side-chains( s) is given by 
d S = k (S2 + S3 + z 6 ) dt. 	 () 
where k is the rate constant for the polymerisation reaction. The 
relative values of these four rate constants k 2 , Ic3 , k6 and k govern 
the final product. 	If, for instance, k6 > k2 , Ic3 and k, then the 
resultants ELLS will, to a first approximation, consist of a series 
of anhydro-glucose residues substituted soley at c(6). On the other 
hand, if kp> k2 , k3  and k6, the HES would have relatively few 
glucose units substituted, but each one that was would carry a long 
side-chain of poly-ethylene oxide. 
There is, at present, no a priori method by which values may be 
assigned to the various rate constants. Rather, it is necessary to 
determine experimentally the substitution pattern at a given molar 
substitution and fit a suitable set of values for Ic2 , k3 , k6 and k 
to these results. 
Ijth such complexity, one parameter such as molar substitution 
(ks), defined as the mole-fraction of hydroxyethyl groups per arihydro-
glucose residue, is not sufficient to define the nature of the polymer. 
iviathematically MS = wt. hydroyethyl group 	 162 
100 - wt. hydroxyethyl group 	44 
It has been customary to define degree of substitution as one 
third of kIS, since there are three potential sites per anhydroglucose 
residue • In the case where mono-substitution is predominant, this 
definition is adequate, but, in the present case, this is no longer so. 
In this work, degree of substitution (DS) is defined as the fraction of 
anhydroglucose residues substituted (in any way, at any of the three 
potentially-reactive sites). Both lIS and the proportion of anhydroglucose 
residues unsubstituted must be measured before DS can be evaluated. The 
DS may then be obtained from 
DS = 1 
- wt. of anhydroglucose 'free" x (1.0-IlS)162 + 2061JS 
162 x wt. of polymer 
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These tio characterjStiiS, US and DS, are quite distinct arid, 
in a reaction system where multiple substitution or side-chain formation 
occurs, together yield much valuable information. Since the object 
of this work was primarily to provide a suitable model for HS being 
used in biological systems, this particular definition of DS assumes 
some relevance. The 1ajor attribute of the hyclroxyethyl group in 
these systems is to block enzymic attack and, since a glucose residue 
is unavailable for attack if substituted in any way the most important 
characteristic of the polymer is the fraction of unsubstituted 
anhydroglucose i.e. 1 - DS. 
To amplify this, not hitherto appreciated, point two polymers 
with equivalent 1.,S and quite different OS may be formed. In one case, 
mono-substitution is prevalent and OS is close to IIS in value, whilst 
in the other polymeric side-chain formation occurs. I-ere DS is very 
much less than M?. The polymer with the lower DS will be more susceptible 
to attack by amylolytic enzymes and will thus have different properties 
as a pharmacological agent. 
(1:)) Preparation of ITh 
Although liES may be formed by reacting a solution of starch in 
alkali with ethylene oxide, most commercial processes carry out the 
reaction with the starch in its granular form. This is done by reacting 
starch with gaseous ethylene oxide under pressure. {Kesler and H.jermstad 
(1950a, 1950b)},often in the presence of catalysts such as inorganic salts 
{Kesler and Hjermstad (1950b)} , inorganic alkalies {Kesler and Hjermstad 
(1950b, 1950c) }and certain organic bases {Kerr and Tancette (1956); 
Broderick (19 4 ) }. 	Granular swelling is restricted, by limiting the 
amount of water present in the reaction system {Kerr and Tancette (1956); 
Calvell and Martin (1957)} , by the addition of inorganic salts, or by 
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carrying out the reactipn in certain alcoholic media Broderick (19 60 ); 
Kesler and I-IjelTnstad (1958) }. Mimi and Gokoyama (1970) pre-gelatinised 
starch, then reacted the £nateri,al in pyridine, with 2-choro-ethanol, 
and a claimed high efficiency&. 2-choro-ethanol was again used as 
hydroxyethylating agent by Gayer (1950), who specifically claimed 
formation of the uniformly 2-substituted lIES by reaction in pyridine 
with the starch alkoxide. A graft co-polymer of ethylene oxide and 
starch has been priuced by Tahan and 2ilkha (1969a). Recently, 
Srivastava et al (1971) have used ethylene carbonate to hydroxyethylate 
starch and claim some advantages over homogeneous reaction in aqueous 
alkali with ethylene oxide. 
\Iith such a large variety of reaction conditions it would not 
be surprising if HS with different substitution patterns were formed. 
Indeed, Tahan and Zilkha (1969 a,b) have obtained a product in. which k > 
k3 , k6 and which has chains of poly-(ethylene oxide) of some considerable 
length. This point seems to have been overlooked by those studying the 
structure of IS and will be dealt with later in this section. 
(c) Measurement of Molar Substitution 
The MS of a sample of KES is perhaps the single mt important 
characteristic of the material. It is measured by cleavage of the 
substituent hydroxyethyl group by hydroiodic acid and subsequent estimation 
of the hydrolysis products. The method of Norgan (194.6) and a subsequent 
modification by Lortz (1956) utilizes constant-boiling hydroiodic acid to 
cleave the ether linkage and liberate a mixture of ethyl iodide and 
ethylene which are estimated by volumetric techniques after reaction 
with alcoholic silver nitrate and bromine in acetic acid respectively. 
Van der Bij (1967) obtained ethyl iodide as the sole reaction 
product by using 707o hydroiodic acid under pressure. This worker 
aA 
extracted the ethyl iodide so fornwith tri-chloroethylene, and estimated 
it by gas-liquid chromatography. 
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Infra-red spectroscopy was used by Anderson and Zaidi (1963) to 
estimate the trapped reaction products obtained by use of the method of 
kiorgan (1946). 
A rapid and simple secondary method of analysis has been devised 
by Tai et al (1964). 	Acetaldehyde produced by the controlled pyrolysis 
of BES was estimated in a specially designed gas-liquid chromatograph 
and the technique was standardised against the method of Lortz (1956 ). 
The methods listed above have a somewhat limited accuracy since 
the conditions of reaction are quite extreme • Some secondary products 
are formed which Anderson and Duncan (1961)  attribute to the oxidation 
of the polymer backbone. These give rise to high sample blanks, and 
reduce the accuracy of the estimation. Errors quotedare ± 3-56, a 
fact which does not seem to have been taken into account in many cases 
when values of MS are quoted to the second decimal place. 
(d) The Substitution Pattern of EtES 
Various attempts have been made to characterise liES. Experiments 
on the polymer itself have yielded limited information and hydrolysis 
with acid to the monomer units gives an unusually complex mixture. 
Several characterisations of this nature have been made and an attempt 
will be made to review the relevant information available. 
Husemann and Kafka (1960) examined the properties of three 
samples of hydroxyethyl amylose (0.3< iilS< 1.1) and found that the 
extent of reaction of sodium meta-periodate with the polysaccharide 
decreased during the substitution reaction. Periodate ion cleaves 
only 1,2 diols in starch i.e. the C(2) - 0(3) bond in glucose, producing 
aldehyde groups on 0(2) and CO). Substitution of either the 0(2) or 0(3) 
hydroxyl group by the hydroxyethyl ether prevents cleavage of this bond. 
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If, as Husemann and Kafka (1960) found, susceptibility to cleavage decreased 
ii-th increasing NS, substitution must occur predominantly at 0(2) or 0(3). 
This conclusion was supported by tritylation reactions. Tritylati-On, 
i.e. formation of the tri.-phenyl-methyl ether, occurs preferentially 
at primary hydroxyl groups and thus only one hydroxyl at C(6) on 
starch is readily substituted. ionnation of the hydroxyethYl ether 
at carbon 0(2) or 0(3) introduced a new primary hydroxyl group and 
thus if hydroxyethylatiofl was to occur initially at either 0(2) or 
0(3) then the polymer would be susceptible to increased tritylation. 
This was observed, and on this basis husemann and Kafka (1960) concluded 
that hyd.roxyethylat ion occurred predominantly at the secondary hydroxyl 
groups in amylose and only at high MS did substitution occur to any 
great extent on c(6). No consideration was made in this work of the 
possibility of side-chain formation. 
Schoch (1965) gives, without any experimental details, the 
following values for the substitution pattern of liES with MS - 0.9 
60% reaction at cafo on 0(6), 20% reaction at C(2) and, lO'/o reaction at 
0(3). The implication is that k6 > k 2 > k 3 , a conclusion quite different 
from that of I-Iusemann and Kafka (1960 ). 	In addition, Schoch (1965) 
stated that there was no evidence for complex substitution having 
occurred. - this implying that 	was very small or zero. It should be 
noted, hever, that Schoch' s analytical data only accounts for 90iu of 
the substituent hydroxyethyl group found to be present, and it is possible 
that the remainder is to be found in the form of polysubstituted products. 
Ii, series of hyciroxyethyl amyloses (0.23 <MS <1.03) was 
characterized by Lott and Brobst (1966). 	These investigators 
examined, by gas-liquid chromatography the acid hydrolysates of the polymer. 
Although some difficulty was experienced in the separation of certain 
tri-methyl-silyl ethers e.g. that of 3-0-(2-hydroxyethyl)- 8-D-glucose 
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from that of 6-0-( 2_hydroxyethy])_cg_D_glucose, the substitution 
patterns corresponded to rate constants in the order k 2 >k3 > Ic6 . 
They also showed that with increasing MS large proportions of the hydro-
xyethyl content was to be found as complex derivatives, which 
are probably attributable in part to the presence of poly-(ethylene 
oxide) side chains. 
A similar approach -was used by Bollenback et al (1969). These 
workers characterised the acid hyd-rolysate of a IES (LiS = 0.6) by 
separation using paper chromatography and subsequently estimated the 
sugars by the reaction with hypoiodite [Miller and Burton (l99)] 
They concluded that their results were consistent with a kinetic 
scheme for the hydrorethylat ion process in which k2 > k6 > k3 and 
added there was apparently only a low level of disubstitution. This 
conclusion is a little suspect since Shyluck and Timell (1956) have 
demonstrated the difficulty in separating the mono- and di-hydroxyethyl 
glucose by this analytical technique. 
De Belder and Norrman (196 ) investigated the substitution 
pattern of hydroxyethyl-st arch and hydroxyethyl-dextran by techniques 
similar to those employed by Lott  and Brobst (1966). Using samples of 
low MS (0.2), these authors shed that k2 >k6 >k. It is of interest 
to note that for dextran, a predominantly cx-i:6-  linked glucan, the 
relation Ic2 > k> Ic3 holds. 
Srivastava and Ramalingam (196 7) applied a Smith degradation to 
a commercial sample of lIES (MS = 0.1). The lIES was oxidised by 
periodate,. the resulting dialdehyde groups then reduced by sodium 
borohydride to the corresponding alcohols and the polymer hydrolysed 
with dilute acid. The fragmentation products were characterised by 
paper- and adsorption-chromatography. The results were consistent with 
IM 
a kinetic scheme in which k2 > k6 > k3 . No mention was made of 
canpiex derivatives - at the law level of substitution employed 
in this work, the amount of such products would escape detection 
by the analytical techniques employed. 
Anionic graft co-polymers of poly-(ethylene oxide) and starch 
were prepared by Tahan and Zilkha (1969a, 1969b) over a very wide 
range of 113. No detailed investigation of the relative reactivities 
of the different hydroxyls to grafting was carried out, but periodate 
oxidation suggested that the reaction occurred preferentially at the 
secondary hydroxyl group i. e. 0(2) and CO). 
The results of these investigations are summarised in Table 6.1, 
and it seems that the situation is completely confused. Jith the 
exception of Schoch (1965), the concensus would favour 0(2) as the 
most reactive hydroxyl group towards etherificat ion. It is 
unfortunate that Schoch' s model seems the most widely accepted for, 
judging by the diagrams in their papers, Thompson et al (1962 ), 
Russell et a]. (1966) and Cerny eta (196 7), that is, those concerned 
with the medical aspects of HS, are using this model which appears to 
be incorrect. 
However, even when k2  is numerically largest, some doubt exists 
as to whether k3  or k6 has the smallest value. The situation is 
further confused by the general lack of appreciation of the possibility 
of complex derivatives being formed. So alight is the agreement that 
one is forced to consider that the actual chemical structures differ 
because of the mode of preparation. 
Ramnas and Samuelson (1968) have shown that the relative rate 
of hydroxyethylatiOn of the hydroxyls in cellulose is grossly dependent 
on base concentration whilst Roberts et al (1971,197 2) considering the 






A Summary of the Various Substitution Patterns for HES 
Authors Material MS 
Relative order of 
rate constants 
Polysubstitution h ) 
Husemann and Kafka (1960) HEA2 0.3 - 1.1 K2 or K3 K6 0 
Schoch (1965) HES 0.9 K6 > K2 > K3 - 
Lott and Brobst (1966) HEA 0.2 - 1.0 K2 > K3 > K6 + 
Srivastava and Ramalingam (1967) HES 0.1 K2 > K3 > K6 0 
De Belder and Norrman (1968) HES 0.2 K2 > K6 > K3 0 
Bollenback et al (1969) HES o.6 K2 > K6 > K3 - 
Tahan and Zilkha (1969a) HES 0.0 - 5.0 K2 or K3 > K6 ++ 
1) 	0 = not considered or not expected at this 2) 
HEA hydroxyethyl-amylose 
level of MS 
- = not detected 
+ = detected 
shown considerable dependence of reactivity of the various hydroxyls 
as a function of base concentration. 	fith this in mind the 
suggestion that the various workers have examined different types 
of HES, becomes quite feasible. 
(e) The Physical Structure of HES .  
The molecular size and shape of a polymer in solution can 
greatly influence the behaviour of the polymer. This is of especial 
relevence to the use of HES as a cryoprotective agent, for ultimately 
the colloid must be ejected from the body via the kidneys, and the 
rate at which this occurs will be determined by the size of the 
macromolecule. 
In Section 2 of this thesis, some mention was made of the 
possibilities of determining molecular shape and size from a combination 
of molecular weight and viscosity measurements. Extensive reviews 
have been published, by for example, Tariford (1961) or Banks and. 
Greenwood (1971a) detailing the theory and applications of such 
measurements to the elucidation of polymer shape. However, the 
solution behaviour of 1-IES has not been extensively investigated by such 
techniques, and only three reports of the shape and size distribution 
of HES in solution, and one report on hydroxyethyl-amylOse,. have 
appeared. 
The most thorough study appears to have been made by Flusemann 
and Resz (1956). They fractionated three samples of hydroxyethyl-
amylose by acetone precipitation, measured the average degree of 
polymerization of the fractions by osmotic pressure measurements, and 
related these to specific viscosity. These authors used an out of 
date relation, i.e. {} = K TJ 	to obtain information on polymer 
shape. If their data is recalculated using the now universally- 
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a 
accepted Mark-Houwç e quat ions, { } = K1 M 	values cf the exponent 
a, vary considerably with IVIS as shown below 
Molar Substitution 	a 
	
0.31 	 1.65 
0.60 	 1.21 
1.08 	 0.6!,. 
Extrapolation of these results to the case where 1'IS is zero would 
appear to give values of a>)l.0. This corresponds to amylose existing 
in solution as a totally extended coil, a view quite contrary to the 
generally-accepted evidence supporting the model of anylose as a flexible 
Gaussian coil {Banks and Greenwood (l971)}. 
In the other physical investigations of the solution properties 
of HES, the branched fraction of starch, amylopectin,has been used. As 
pointed out in Section 2, there is still some major argument over the 
nature of amylopectin. 	In addition, theoretical treatments of 
hydrodynamic data are somewhat limited for branched polymers in solution. 
Greenwood and Wuroton (167) reported the pilysical characteristics 
of five samples of BE, S in the range 0.83< MS <0.93, and showed that the 
viscosity potential of these samples reflected the branched nature of 
the substrate, being about one fifth of that of dextran, for a comparable 
molecular weight. 
Cerny et al (1967), fractionated HES (liS = 0.85) using acetone 
and isopropanol, measured the number-average molecular weight by 
osmometry and the weight-average molecular-weight by light scattering, 
and related these properties to viscosity. They obtained the equations 
{n} = 5.29 x 10 	
030 
and 	 {ri} = 3.27 x ioTç°35 
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Positive virial coefficients were found for both light 
scattering and osmotic pressure measurements. The equations 
indicate the branched nature of the polymer, and the disparity 
between the number average and ueight average results may be due to 
a difference in molecular weight distribution between samples. A 
branching-index wa calculated, by comparison of the intrinsic 
viscosity, radius of gyration, and second virial coefficients with 
those of hydroxyethylce1lUloSe and ethylhydroxyethyl_cellUlOSe, 
and they concluded that it was not possible to estimate solvent-
polymer interaction using current theories. The comparison of 
hyciroxyethyl-cellulose and ethylhydroxyethy1_Cal]Ul0se with HES 
would seem to be unjustified in obtaining the branching parameter, 
since the required analogue is hydroxyethyl-amYlOSe and the nature 
of the glycosidic linkages in the parent amylose and cellulose has 
been shown to confer quite different properties in the derivatives. 
Granath et al (1969) carried out extensive physical character-
isations of HES of various molar substitutions. ?or a sample with lilS = 
0.6, they obtained the relation 
{ri} = 2,91 x l0i °.35  
The low exponent was attributed to the branched nature of the material, 
but these authors noted that viscosity increased with MS, and suggested 
that this may be due to hindered rotation about the glycosidic linkage. 
These investigations show that I-1S exhibits the characteristics 
of the parent anylopectin in, i.e. low viscosity for a given molecular 
weight. The exact nature of solvent-polymer interaction is unknown, 
'or whilst the results of Husemann and iesz (1956) could be interpreted 
to show that polymer-solvent interaction decreases with increasing 11S, 
those of Granath et al (1969) show the diametrically opposite view, 
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It would seem that further investigation of the hydrodynamic 
behaviour of hydroxyethyl-alflYlOse will be required to establish the 
exact nature of the effect of the substituents on the solution 
behaviour of the polymer. 
(f) The EnAymic Degradation of liES 
The resistance of HFS to exo-amylase attack was used by 
Ziese (1934; 1935) to differentiate beta- from alpha-amylase. This 
was confirmed by Scholander and Iiyrbck (1951) and later by Greenwood 
and Hourston (1967). Husemann and Resz (1956) carried out a systematic 
investigation of the attack of ct-amylase on HEA. They found that the 
c-amylase f rem Aspergillus oryzae attacked HZ  at increasingly slower 
rates as MS increased and was still finite at MS of 1.03. It would 
seem that the model proposed by Lott and Brobst (1966), where 20 of 
the glucose residues are unsubstituted at MS of 1.03, is essentially 
correct, for in this model there would be sufficiently nunrous areas 
of unsubstituted glucose to allow conventional attack by ct-amylase. 
General Properties of HES 
Tahan and Zilkha (1969a) report that, as MS increases from 0.4
to 1. HES formed by graft polymerisation becomes more readily soluble 
in cold water, and at MS = 3.0, the products are thermoplastic, and 
water- and alcohol-soluble. 	These polymers would seem to combine the 
characteristics of both the starch granule and poly-(ethylene oxide). 
Stavennann et al (1961 ) reported that, as MS increased in TiES, the 
ability to bind iodine was sharply diminished, reflecting the dis- 
rupting effects of the substituent groups on the ability of amylose to 
form a helix. 
Conclusions 
Although methods of characterization of TiES are well developed, 
agreement has not been reached on the nature of the substitution. 
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Little appreciation has been shown of the possibility of side-chain 
formation, and the f\211 implication of this when relating resistance 
to c-nylolysis with iiS does not seem to have been considered. The 
physical structure of HES in solution is a matter of some considerable 
doubt. 
Before the full potential of HIES as a pharmacological agent 
can be utilised, it is necessary to define more closely the chemical 
structure of lIES. Part 3) of this section reports work undertaken to 
do this, and also reports on a method of measuring DS which al1ovs a 
useful correlation between extent of substitution and resistance to 
enrmic attack to be made. 
193. 
6.3 Preparation and Analysis of liES 
nydroxyethyl starch for medical use has been made commercially 
by derivatization of the waxy starches from genetic mutants of maize 
and sorghum. These starches are composed entirely of the branched 
starch-polymer, amylopectin and, for this reason, lIES should precisely 
be referred to as hydroxyethyl-ainylopectin. It was decided in this 
work to study initially the structure of its linear analogue, 
hydroxyethyl-amylose, for, as discussed in Section 2, the characteristics 
of amylose are rather more fully understood than those of amylopectin. 
(a) Isolation of Polymer Substrates 
Anlylose was isolated from a commercial sample of amylomaize 
starch (Amylon 50, provided by courtesy of National Starch Inc.) using 
the technique devised in Section 4.2. The amylose was isolated as the 
butan-1-ol complex, in which form it is readily soluble in warm water, 
and characterized by measurement of its limiting viscosity number in 
0.33 M KC1 (found, {r} = 65 ml/g) and its iodine affinity (l.A.) (found 
I.A. = 19.5 mg iodine bound/100 mg amylose at 20.4 9C). This latter 
quantity showed the sample to be free of amylopectin. It should be 
noted that the viscosity number of this arnylose is approximately twice 
that of commercial preparations of lIES, despite the fact that the mole-
cular weight of the former is about two orders of magnitude less than 
that of lIES. 	This observation emphasized the profound differences in 
hydrodynamic volume (of which the limiting viscosity number is a measure) 
between linear and branched macromolecules of similar molecular weight. 
The amylopectin required for confirmation purposes in this study 
of substitution pattern was isolated from waxy maize starch using the 
methods detailed in Section 23. 
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(b) Preparation of Hydroxyethyl Derivatives 
As described in the previous part of this section, many 
methods of preparation have been used to make the hy&roxyethyl 
derivative of starch. Since material for pharmacological use has, 
according to Schoch (1965), been prepared by the homogeneous reaction 
of ethylene oxide with starch in aqueous alkali, the same technique 
was used to prepare samples employed in this work. 
The reaction of starch type polysaccharides with ethylene oxide 
in the presence of alkali may be represented as nucleophiic substitution - 
o 
base 
GOH 	+ CH2CI-12 N GOCHCH0H 
where G = an arthydroglucose residue. 
however, since the reaction occurs in an aqueous system, many 
side reactions occur, e.g. 
0 
base 




E0CH-CH 0(CH CH 0) H HOCH2CH2OH + n (CH2cI2) 	
base 
2 	22n 
poly-( ethylene glycol) 
Because of these side-reactions, an excess of ethylene oxide 
over that calculated from stoichiometric considerations is always required. 
A small-scale pilot experiment was used as the most convenient means of 
ascertaining the required reaction conditions. 
The required polymer, amylose or amylopectin, was dissolved in 
aqueous alkali (l.a M i(OH) at room temperature to give a ] solution. 
This solution was sparged thoroughly with nitrogen, and all subsequent 
operations were performed under an atmosphere of this gas to minimize 
alkaline degradation of the polysaccharide. The solution was cooled to 
ca. 2°C and ethylene oxide (also at 2 0C) was added by pipette. Working 
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at this low temperature, below the boiling point of ethylene oxide, 
greatly facilitates control of the derivatization on a laboratory scale. 
ihe ethylene oxide was added by pipette, holding the tip just below 
the surface of the solution to ensure that none of the reagent 
volatilized before reaching the alkaline solution. After rapid 
mixing, the reaction flask was sealed by wiring down the stopper, and 
immersed in a thermostat bath (4000) for 16 hours, with constant stirring 
(magnetic). 	At the end of this period, the flask was cooled to 2 0C, 
unsealed, and the contents neutralized with dilute hydrochloric acid. 
After extensive dialysis against distilled water, in order to remove 
salts and ethylene glycols, the solution was concentrated on a rotary 
evaporator and freeze-dried. It was found that extensive dialysis of 
the product is as efficient as repeated solvent extraction for the 
removal of unwanted side products. 
(c) Chemical Characterization of the Fydroxyethyl Derivatives 
(i) Measurement of Liolar Substitution (LiS) 
The IviS was measured by the method of Morgan (1946), in which 
the ether linkage is cleaved by reaction with constant-boiling hydroiodic 
acid. The products, ethylene and ethyl iodide, are trapped in bromine/ 
acetic acid, and silver nitrate solution, respectively, and estimated 
titrimetrically. The method was calibrated with 3-0-hydroxyethyl 
glucose and poly-(ethylene oxide). A reaction time of one hour was found 
to give optimal conditions. Frequent measurement of reagent blanks, and 
the use of freshly-distilled hydroiodic acid were required. In agreement 
with Lortz (1956), it was observed that samples with an appreciable 
moisture-content gave low results. Because of the poor reproducibility 
of the technique (5- error when 0.4 <L'I.S. < 1.0), triplicate estimations 
were performed on all samples. 
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The above procedure, particularly the titration stage, is 
somewhat laborious, and therefore the method of Van der Bi (1967) 
was investigated. The complete conversion of the reaction products 
under pressure appeared to be adequate, but it was found that extraction 
of the reaction-mixture with trichloroethylene to remove ethyl-iodide 
also removed considerable amounts of hydroiodi.0 acid, which led to 
rapid failure of the column material in the gas_chromatograPh. Rather 
than embark on a lengthy search for an alternative technique, it was 
decided to persist with 'iorgan' s method. 
(2) M€asurement of Degree of Substitution (DS) 
As was pointed out in the review part of this Section (see p.181), 
DS is quite a different parameter from LiS, and it is desirable to be able 
to measure both quantities. TO obtain DS and MS, the weight fraction 
of anhydroglucose units which are not substituted must be known. A 
suitable, simple and reliable method was devized and is now described 
The material was dried in vacuo at 7000 overnight, and dissolved 
in sufficient water to give a known concentration in the range 1-3 mg/ml. 
An equal volume of sulphuric acid (1.5M) was added, and the polysaccharide 
derivative hydrolyzed for 3 hours on a boiling water bath. This procedure 
has been shown in Section 2 to achieve complete hydrolysis of the glycosidic 
bonds in amylose and anlopectin without any concomitant acid reversion 
of the glucose. (The ether linkages of the derivative are resistant to 
this relatively mild hydrolysis.) 	The samples were cooled to room 
temperature, neutralized by the addition of a predetermined amount of 
caustic alkali (1.0 lvi KOH), and diluted in a graduated flask to give a 
free-glucose content in the range 5-40 pg/nil. An aliquot (1.00 ml) was 
taken for analysis using the coupled glucose oxidase/perOxidase/Chromogen 
system described in Section 2.2. Control experiments showed that none of 
the various, mono-substituted, hydroxyethyl derivatives of glucose reacted 
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with this particular system. This observation was not surprising 
in view of the high specificity of the enzyme glucose-oxidase 
Keilin and artree (1952) }. 	Thus the "free" glucose content Cf 
any preparation of hydroxyethyl-amylose or hydroxyethyl-starch may be 
determined quite unambiguously by acid hydrolysis to the monomer units 
followed by specific enzymic estimation of the unsubstituted glucose. 
The DS is then calculated from the measured MS and the amount of free 
glucose from the relation 
I (162 x 44 MS 
G 	 -, 	 (6.2) DS=l - 	162w 
p 
where V1  
is the weight of anhydroglucose in a polymer sample of weight, 
p 
(3) Periodate Oxidation 
Sodium metaperiodate specifically oxidises 1,2 diols, which in 
the case of amylose means that, to an excellent approximation, only the 
hydroxyl groups on carbon atoms 0(2) and C(3) are susceptible to oxidation. 
(In fact, the terminal units at both the reducing and non-reducing ends of 
the linear chain are subject to further oxidation, but since the chain is 
at least 500 units long these end-effects may be neglected. (This is an 
advantage of using the amylose derivative as a model substance for, in 
the case of ainylopectifl, some 4-5 of the glucose units are present as 
non-reducing ends, and this increased oxidation renders the type of cal-
culation used later in this work of somewhat dubious significance.) 
As mentioned in the review part of this Section, substitution at either 
position C(2) or 0(3) will block oxidation, whereas that at position C(6) 
will not. A measure of the substitution pattern is thus possible, for 
by measuring the amount of period.ate consumed in the reaction, uing various 
samples of hydroxyethyl-amylose (HE) of different MS, it is possible to 
determine whether substitution occurs primarily at 0(6) or at either 0(2) 
or 0(3). 
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Experimental conditions used were as follows : HEA was dried, 
weighed accurately, and dissolved in water to give a known concentration 
in the range (4-8) mg/mi. To this solution (20.0 ml), sodium neta-
period.ate (5.0 ml; 0.125 iv) was added, and the reaction flask stored in 
the dark at ca. 3 0C in a refrigerator. Samples were withdrawn at 22, 
40 and 80 hours, excess potassium iodide was added, and the liberated 
iodine estimated by titration with thiosuiphate. Periodate consumption 
reached a limiting value in 22 hours, and did not thereafter change 
appreciably. Hence within this range, time does not significantly affect 
the results, and therefore the detenijinat ion was stopped at some time in 
the period. 24-48 hours. 
The technique of periodate oxidation is an important diagnostic 
tool in its own right, but in combination with the determination of free 
glucose (as described in the previous sub-section) is very much more 
valuable. 
A typical series of hydroxyethyl amyloses having 0.51+ <L1S<1.21 
was characterized by the above techniques and the results are shown in 
Table 6.2. Control experiments were also carried out on native amylose, 
and 100 of the residues were found to be totally unsubstituted, and l0l'u 
unsubstituted at positions 0(2) or CO). These results demonstrate that 
considerable confidence may be placed in the values recorded in Table 6.2. 
It is clear that at low molar substitution, apparently all the 
free 0(2) - 0(3) hydroxyl pairs are to be found on unsubstituted 
anhydroglucose residues, i.e. substitution occurs predominantly at 0(2) 
or CO), and as MS increases a small amount occurs at 0(6). For the 
sample 4.1, MS = 0.54, which gives DS = 0.50; the difference between 




A comparison of the weight fraction of glucose units 
totally unsubstituted (obtained from acid hydrolysis, 
and estimation of glucose with glucose-oxidase) with 
those unsubstituted at carbon atoms C(2) and C(3) 




at 0(2) or 0(3) 
44 31 22 16 
44 32 26 20 
11 
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values are accepted, then there is 
0.54 - 0.50 
0.54 	
x lCCo complex 
substitution, i.e. approximately 7t. The experimental error in the 
determination of MS renders this point of less significance since 
MS = 0.54 ± 0.03, and at this value the difference between MS and DS 
is not significant. At the highest L'iS value, the DS can be calculated 
as 0.79. In this case there is no possible doubt; the difference between 
MS and DS is so great that polysubstitution must have occurred. 
In any mixture of complex i.e. either polysubstituted with 
side chains, or multipl'j 	substituted on any combination of two or 
three hydroxyl groups )  glucose derivatives and simple monohydroxyethYl 
derivatives, iiS)DS. To confirm the observations in Table 6.2 a series 
of HEA and BES samples were prepared in a similar fashion and MS and DS 
measured. The results are shown in Table 6.3. 
As the hydroxyethyl content increases, the divergence between 
MS and DS also increases in the case of both HEA and liES. There can 
be no doubt that these figures demonstrate quite unambiguously that 
the complex glucose derivatives reach a measurable amount when MS exceeds 
0.50 and at hIS = 0.8 (the material widely used as a blood plasma volume 
expander has a similar value of Ms), some l of the hydroxyethyl groups 
are present as complex derivatives of glucose, 
It must be stressed that some samples of both 1-IE.A and HES were 
subjected to repeated extraction with 9%c, acetone, in case any ethylene 
glycol or its oligomers had survived the dialysis stage. (Such a mixture 
would exhibit the same properties as those displayed by the samples in 
Table 6.3). However, in no case did this treatment lead to any significant 
change in the values of hIS or DS, and hence it is concluded that the 
results shown in Table 6.3, and the inferences derived therefrom, are real. 
The results show (±) that reaction occurs predominantly at C(2) 
or CO), the secondary hydroxyls, and (ii) that polymerization to form 
side chains occurs to a significant extent. The relative magnitudes of 
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Table 6.3. 	A comparison of the molar substitution (MS) and degree 
of substitution (DS) for hydroxyethj1 aznylose (HEA) and hyth'oxyethyl 
starch (liEs) of varying hydroxyethyl contents. 
Hydroxyethyl amylose 
MS 	0.115 	0.60 	0.75 	0.90 	1.10 	1.25 
1)6 	0.115 	0.56 	0.611 	0.69 	0.711 	0..' 
Hydroxyethyl starch 
	
MS 	0.113 	0.55 	o.64 	0.81 
DS 	0.112 	0.52 	0.59 	0.69 
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and k3  have still to be resolved and the onset of significant 
quantities of complex derivatives defined. To do this calculation 
it was necessary to hydrolyze the polymer to its substituent monomer 
units and characterize this mixture. 
(4) Separation and Characterization of the Sugars 
Characterization of the chemical structure of HEA and HES 
necessitated three stages namely : (±) hydrolyzing the polymer to 
monomer units, (ii) separating these units on the basis of the carbon 
atom at which substitution had occurred, and (iii) characterizing them 
by identifying the position of the substituent hydroxyethyl group. 
(i) Hydrolysis 
Hydrolysis was carried out using the conditions defined in 
Section 2.2 1  which have been shown to give complete hydrolysis of 
amylopecti-n with no concurrent reversion of glucose. 
Because many neutral salts interfere with chromatographic 
processes, their removal was necessary. The hydrolysate was neutralized 
by adding barium carbonate until the solution reached ph 7.0. The 
precipitated barium sulphate was removed by filtration, and the solution 
decreased in volume at reduced pressure. iviore barium sulphate pre-
cipitated, and again it was removed by filtration. This procedure was 
repeated until the concentration of the sugar solution was approximately 
10% (w/v). The solution was then passed through an ion-exchange column 
(Amberlite IR 140, in the hydrogen ion form) to remove residual barium ions. 
The column effluent was lyophilized, and the resultant solid dried in 
vacuo at 70
0
.0 for 12 hours. 
(ii) Separation of the Sugars 
Five different techniques were used in an effort to adequately 
separate the sugars present in the hydrolysates of HE1I. These methods 
were, gel permeation chromatography on a "Sephadex" G-lO column; ion 
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exchange chromatography using a ttBi o_RadI cation exchange resin (Aminex 
AG 50W = X2) in the lithium form {Jones at al (19 6 0) }, charcoal 
adsorption chromatography { .Thistler and Durso (195 0 ) }, paper chromato-
graphy, and gas-liquid chromatography. None of the first three methods 
yielded suitable separations, despite an intensive investigation, and 
are not therefore further discussed. 
Croon and Linberg (1956) and Brownell and Purves (1957) have 
reported the paper-chromatographic behaviour of the mono-hydroxyethyl 
ethers of glucose. Using a hydrolyzate of HEA, four spots plus an 
unresolved streak were obtained on developing a paper-chromatogram 
by the method of Treve~Zan ~~) f.oruc 	 cending 
lLacetate : acetic acid : water (9:2:2) }. Glucose was identified by 
spraying a chromatogram with the glucose oxidase/peroXidaSe/chrOIflogen 
mixture discussed in Section 2; the reagent of Gardiner and Percival 
(1958) was used to develop spots corresponding to sugars not substituted 
on position 0(2). A combination of these spray-reagents indicated that 
the major components of the hydrolysate were glucose and 2-0-hydroxyethyl 
glucose; the other two resolved spots corresponding to the 3.-0-hydroxyethyl 
and 6-0-hydroxyethyl glucose respectively. The conclusions to be drawn 
from these experiments supported that made in the last section, i.e. the 
secondary hydroxyl group at C( 2) is the most reactive group in starch. 
An attempt was made to make the paper-chromatographic separation 
quantitative by eluting the individual sugars and by estimating them 
with the phenol/sulphuric acid of Dubois et al (1956). This proved to be 
quite inaccurate since the intensity of colour developed by equiomolar 
quantities of glucose and substituted glucose were not identical. For 
this reason, gas-liquid chromatography was investigated. 
The apparatus used was as follows 
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Co ip - glass (15 feet, inside diameter* inch); 3o silicone gum 
rubber E350 
 on acid-washed, dichlorOmethY1S1lYate, "ChromoSorb-" 
support (60-80 mesh). 
Oven - ItPye ll 104 gas chromatograph oven 
with temperature programming 
facility. 
Detector - Single flame-ionization detector. 
Amplifier - "Vibront' electrometer model 33B-2 (Electronic Instruments 
Ltd, Richmond, 3urrey), with shunt, model A-4.9A (Electronic Instruments 
Ltd). 
Recorder - 1 mV full-scale deflection (Honeywell Controls Ltd). 
Integrator - Type 1E - 165 (Gas Chromatography Ltd., Boyn Valley Road, 
iiajdenhe ad) . 
Experimental conditions - Nitrogen carrier gas, flow rate 55 ml/minute. 
To reduce detector sooting, the detector-flame was switched on after 
the solvent (pyridine) peak has passed. 
Temperature programme - The following programme was designed to reduce 
solvent tailing, and to give optimum peak separation at injection of 
sample, and for the next 5 minutes, 1500C, then from 150-188
0C at 
0 
nu.nute, and finally isothermally at 188C. 
Various methods are available for the formation of derivatives 
of sugars suitable for analysis by gas-liquid chromatography. The most 
useful derivative is the tn-methyl silyl ether. This may be formed by 
the method of Sweeley et al (1963) or by that of Lott and Brobst (1966). 
Both techniques are simple, but the former was used in this work because 
it was found to be more reliable. Glucose and 3_0_hyd.roXyethyl_D_glucose 
both gave only two major peaks, corresponding to thea - and $-anomers, 
with spurious impurity peaks corresponding to less than i% of the major 
peak areas. The sample (2-5u1) of the solution of the tnimethyl-silyl 
ethers in pyridine was introduced into the carrier gas by means of a 
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5 t calibrated syringe, and the temperature programme detailed above 
set in operation. i typical trace of various peaks obtained by gas 
chromatographic separation of the tn-methyl silyl ethers of an acid-
1-ydro1yzate of HEA is shown in Figure 6.1. 
(iii) Characterization of the sugars 
The number of possible O-hydroxyethyl derivatives of glucose 
is infinite for, although only three mono-, three di- and one tn-
substituted derivatives are possible, the possibility of side-chain 
formation must not be discounted. The mono-substituted O-hydroxyethyl 
ethers are well characterized and Shluck and Timell (1956) have published 
techniques for the preparation of these sugars. One of these derivatives 
3 -O-hydroxyet hyl-D-gluc ose was synthesized. Diacet one glucose was 
reacted in KOH (i.OM) with ethylene oxide (four-fold excess) to give a 
mixture of 3-0-hydroxyethyl diacetomje glucose, 3-0-ethoxyhydroxyethyl 
diacetone glucose, and unreacted diacetone glucose. After acid hydrolysis 
(H2SO; 1.5N;  1 h) to remove the blocking groups, the mixture of sugars was 
absorbed on granular charcoal and eluted with a linear gradient of ethanol 
in water. The separation is shown in Figure 6.2. Pure 3-0-hydroxyethyl-
D-glucose was obtained, This material gave only two peaks when analysed 
by G. L. C. corresponding to the ci- and 8-ariomers of 3-0-hydroxyethyl-D-
glucose. A mixture of 2-0-hydroxyethyl-D-glucOse and 3- 0-hydroxyetliyl-D.-
glucose was prepared by a similar reaction of methyl ,6-0-benzylidene-D-
glucose with ethylene oxide in base. An analogous purification procedure 
was followed. Periodate oxidation and free-glucose estimation has already 
shown that reaction occurs predominantly at the secondary hydroxyls of 
glucose in lIES. By comparing the peaks (see Figure 6.1) with the prepared 
derivatives it is clear that -O-hydroxyethyl glucose is the predominant 
derivative formed at low MS. It is then apparent that there is considerable 
overlap of peaks corresponding to the various hydroxyethyl ethers. In 
order to allow a quantitative assay, it was necessary to calibrate the 
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Figure 6.2 carbon column chromatography 
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FRACTION NUMBER 
A= GLUCOSE 
B 3-0-HYDROXVETHYL GLUCOSE 
C= COMPLEX DERIVATIVES 
G. L. C. This was done using erythrit ol as an internal standard. 
Equinolar quantities of erythritol, glucose and 3-0-hydroxyethyl 
glucose were weighed out accurately and derivatized. The peak areas 
were measured by planimeter and the relative molar responses calculated. 
The relative molar responses of all the mono-substituted O-hydroxyethyl-
D-glucose derivatives were assumed to be equal. Before analysis of a 
mixture, an aliquot of eiythritol was carefully weighed into a tube 
and a known weight of deionised, freeze-dried hydrolysate added. This 
mixture was then derivatized and analyzed by C.L.C. Since only one 
peak of an anomer of each of the substituted sugars was completely 
separated, it was necessary to check that the anomer ratios were not 
variable, or disturbed by the derivatization procedure. Tests on glucose 
showed that the anomer peak areas did not change relatively by more than 
3o. A quantitative analysis of IiEi GaS = 0.2+5) is shown in Table 6.2+ 
The values are reproducible to 5. They fully confirm the previous 
conclusions the most reactive hydroxyl group in the starch components 
is at 0(2), and that complex derivatives are present in substantial amounts 
at comparatively low MS. These results also show that the reactivities 
at c(3) and C(6) are approximately the same and very much lower than that 
at 0(2). 
At this point, it is possible to suggest a mathematical model 
which describes the substitution pattern of liES as a function of MS. 
Each glucose residue in starch or axxlose has three free hydroxyl 
groups available for reaction with ethylene oxide. If it is assumed that 
the reaction at any one of these groups is independent of whether or not 
the other sites on that residue have reacted, and that the rate of 
substitution is proportional to the number of sites which have not reacted, 
i.e.a first-order reaction, then 
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Table 6.4  
Quantitative analysis of the sugars present in a 
hydrolysate of hydroxyethyl amylose of LiS = 0.45 
Sugar 	 % by weight 
Glucose 	 62 
2-0-hydroxyethyl glucose 	 25 
3-0--hydroxyethyl glucose 	 3.5 
6-0-hydroxyethyl glucose 	 4.5 
Complex derivatives 	 5 
210. 
dS 	
- r. 	.i.i (-t - c) 
dt 
where S is the fraction of available sites which have reacted, and k 
is the rate constant for substitution. Integration of equation (6.2), 
with the constraint that S = 0 when t = 0, gives 
in (i-s)= -kt 	 (6.) 
This may be expressed in exponential rather than logarithmic 
form to give 
1 - S = exp -Id, 
	 (6.5) 
or 	=l - exp -kt 
	
(6.6) 
Each of the three available hydroxyl groups will react in the 
manner shown by equation (6.6), but there is no reason to suppose that 
the rate constants for all three reactions will be the same. The 
reactions may be described by the relations 
S2 = 1 - exp -k2t, 	 (6.7) 
S3 =l-exp-k3t, 	 (6.8) 
= 1 - exp -k6t, 	 (6.9) 
where k2 , k3 and k6 are the rate constants for 0(2), c(.) and 0(6) 
hydroxyl groups, resective1y. 
The rate of poly-( ethylene oxide) side-chain formation must be 
proportional to the fraction of hydroxyl groups already substituted. Thus 
dS = k 	+ 	+ s6 ) at 	 (6.10) 
Using equations (6.7), (6.8) and (6.9), the terms S 2' S3 and 
may be replaced, and equation (6.10) may be written as 
asp = k {(1-exp-k2t) + (1_exp_k3t) + (1-exp-k6t) } dt 	(6.11) 
If terms in S3 and S6 are, for the moment, ignored and only 
dSP=kpS2 dt 	 (6.12) 




where C is the integration constant. Applying the boundary condition 
that S = 0 when t = 0 then 
p 
C = _. 	 (6.14) 
2 
If follows, therefore, substituting for C in equation (6.13) that 
S = k,t - (IL ) ( 1 - exp - k2t). 	(6.15) 
Returning to equation (6.11), this may be integrated by an analogous 
procedure 
S = k {3t 
-k2 
 (1-exp-k2t) + 
p p 
1 () (1-exp-k3t) + 
	
(1-exp-k6t)}. (6.16) 
On the basis of - the results presented earlier in this section 
values of k3 :k6 :k2 :k were given as 1:1:15:10 and thus 
S3 = l-exp-kt, 	 (6.17) 
S6= l-exp-kt, 	 (6.18) 
S2 = 1-exp-15 kt, 	 (6.19) 
and for poly-(ethylene oxide) side-chain formation 
d Sp = 10k (S3+S6+S2) dt, 	 (6.20) 
substituting for S3 , S6 and S2 
 in equation (6.20), and using ( 6 .17), 
(6.18) and (6.19), and integrating with respect to time with the constraint 




The equations (6.17), (6.18), (6.19) and (6.21) may then be solved for 
given arbitrary values of the parameter kt. In Figure 6.2, the variation 
of S21  s3 	S 	and S 	are shown as a function of id. The curve representing 
MS is obtained by summation of S 2 , s3 	6 and Sp at a given value of kt. 
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The relative values chosen were based on the results of Table 
6.4. This particular sample of HEA with lAS = 0.45 was chosen as the 
level of complex derivatives was low and no complex terms were required 
for disubstituted products. The value of kp was chosen to fit the 
data presented in Table 6.3 and must necessarily be approximate. 
Inspection of the curves presented in Figure. 6.3 suggest that even at 
high levels of substitution, i.e. 1.,iS> 1.0, some free glucose is present 
in accord with the earlier observations. This may explain the suscept-
ibility of these samples to attack by cz-amylase. 
(5) The effect of am  wlolytic enzymes on HES 
The exo-enzymes (those hydrolyzing the molecule sequentially 
from the non-reducing end) a -amylase, phosphorylase and amyloglucosidase 
have negligible effect on HEA even at low IIIS. For example, if the 
typical degree of polymerisation of amylose is taken to be 1000 glucose 
residues, then at DB = 0.1 less than 1% of the polymer is available to 
such chain-end degradation. The endo-amylases, or c -amylases are not, 
however, constrained in this manner since their action-patterns are more 
or less random {Greenwood and Liilne (1968) } in the early stages of the 
hydrolysis. Thus they may effectively by-pass groups (such as substituted 
glucose residues or branch points) on which they have no action. Their 
only requirement is that a number of unsubstituted glucose residues (at 
least two and probably greater) be found in sequence. In order to verify 
in a qualitative manner the model for the substitution pattern of IiA 
proposed in this work, HEA of varying iiiS was exposed to or-amylase. 
The resistance of HEA to the action of ct-amylase was determined 
by measuring the viscosity number of the polysaccharide during hydrolysis by 
the enyme, using a Tfbbelohde viscometer as detailed in Section 2.5. The 
solution (is ml; O.lylb iiEA in O. saline) was placed in a viscometer at 
2500 and, after temperature equilibrium, the viscosity number was measured. 
21 
Figure 6.3 	a mathematical model 
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An aliquot (0.10 ml) of a dilute solution of porcine, pancreatic 
a -amylase [3,000 units/ml, the unit of activity being that defined 
by Greenwood et al (1965)Jwas then added, and the solution mixed 
thoroughly. The viscosity number was re-determined as a function 
of time • Table 6.5 shows the variation with time of the viscosity 
numbers of a series of 1LA samples of different hydroxyethyl content. 
HA was chosen in preference to SS because the viscosity technique 
is more sensitive to changes in the molecular weight of linear polymers 
than it is to such changes in a branched polymer. 
The results in Table 6.5, show clearly that DS is the dominant 
factor in determining the resistance of the molecule to ct-amylolysis. 
Even ignoring the values of DS, the fact that samples with MS Values 
of greater than unity are susceptible to amylolytic attack shows, 
qualitatively at least, that complex derivatization has occurred. Since 
a -amylase requires a sequence of urisubstituted residues, probably greater 
than three, it is necessary to reconcile this fact with the experimental 
observations. If a minimum "free" segment of three units is accepted, 
then the probability of finding three unsubstituted glucose residues in 
sequence when DS = 0.75 is ()3, or 1 in 64, the probability of finding 
four or five unsubstituted residues in sequence are 1 in 256, and 1 in 
1024, respectively. The number average degree of polymerization of the 
initial lEA is approximately 500 monomer units, thus the number of bonds 
accessible to the action of ct-amylase varies in the range (8 - 0.5) per 
HEA molecule, depending on the minimum size of the unsubstituted segment 
required by the enzyme. 	[ith this calculation in mind, the susceptibility 
of samples with high lIS to c-axnylo1ysis provides confirmation of the 
suggested model for the substitution pattern of HEA. 
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Table 6.5 
The viscosity number ( p/c) of hydroxyethyl ainylose of 
different molar substitutions as a function of time of ex-
posure to alpha-amylase at 25 °C. 
Molar Degree of n 	/c at t minutes 
substitution substitution sp 
C=0 2 10 20 1500 
0.45 0.45 76 12 9 8.5 5.5 
0.60 0.56 77 13 9.5 9 6 
0.75 0.64- 84 31 22 19 11 
0.90 0.69 88 34 25 22 13 
1.10 0.74 85 4-7 37 33 18 
1.25 0.77 85 60 51 47 29 
216. 
(6) The interaction of H]S with iodine 
As was shown in Section 33, the interaction of starch with 
iodine is a distinctive feature of that polymer. The amylopectin 
component of starch, or waxy maize starch itself, gives a reddish-
purple colour with iodine, with a wavelength of maximum absorption 
( x ) of about 540 
rim. The absorption spectra of a series of
max 
liES samples (0 <MS <0.7) is shown in Figure 6.4. 
This figure shows that, with increasing MS, the intensity of 
the peak with X 
max = 
54-0 run diminishes, and , max itself moves to the 
red end of the spectrum. A hitherto, unobserved peak appears at 
. 395 rim, shifting towards slightly higher wavelengths as MS increases. 
No previous report of such an absorption has been found, and it is con-
cluded that this is a specific result of the reaction of the polysaccharide 
with ethylene oxide. The interaction of a number of samples of poly-
(ethylene oxide) with iodine was investigated, and in all cases an 
absorption at ca. 400 rim was found. It is therefore tempting to suggest 
that the complex derivatives obtained an acid hydrolysis of HS and HEA 
are predominantly poly-substituted rather than multi-substituted. However, 
the appearance of the peak at X = 4-00 rim when MS = 0.06, at which level 
no complex substitution can be detected by gas chromatographic techniques, 
suggests that this interpretation is incorrect. 
No satisfactory explanation can, at present, be offered for this 
phenomenon. 
It is of interest to note that as MS increases, the main absorption 
peak ca. 54-0 rim diminishes in intensity. This presumably reflects 
hindrance to the foimation of helical segments, caused by the introduction 
of substituent groups. 
(7) Conclusions 
The work in this section has shown that the previous state of 
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the substitution pattern of IiEA, formed under conditions similar to 
those used for preparation of plasma expanders, has been elucidated. 
It has been demonstrated that polymeric side-chain formation plays an 
important role in this system, and a method has been devized to measure 
this type of substitution. A mathematical model has been proposed which 
describes the substitution pattern quantiatively at low I,IS, and 
qualitatively at high IviS. This model explains the apparent anomaly 
that ct-amylase will degrade a HS sample with MS > 1.0. This work 
demonstrates the non-equivalence of DS and IS, and suggests that DS 
may be a useful characteristic for determining susceptibility to endo-
amylose attack. 
The significance of these findings or. the use of HES as a blood 
plasma expander is considerable. Any hydroxyethyl substituent which 
does not affect enzymic attack, i.e. on a side-chain, is effectively 
redundant, and, in addition, since there is no known analogue of poly-
(ethylene oxide) in biological systems, it is unlikely that the body can 
metabolize such an entity. This may explain the apparent toxicity of 
some samples of liES {Granath et al (1969)). From a medical viewpoint, it 
is desirable that as little polymeric substitution as possible occurs, 
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The Characterization of Starch and its Components 
Part 2.*)  The Semi-Micro Estimation of the Starch-Content of Cereal Grains 
and Related Materials 
By W. Banks, C. T. Greenwood, and D. D. Muir, Edinburgh (Scotland) 
A rapid, semi-micro method has been developed for the estimation of the amount of starch in 
cereal grains. The method is suitable for samples of flour in the range 7.5-20 mg, and hence the 
amount of starch in a single grain can be readily determined. The procedure - which is given in 
detail - involves first solubilizing the starch by hot aqueous calcium chloride, and then subjecting 
the extract to the concurrent action of a-amylase and amyloglucosidase. A quantitative deter-
mination of the resultant glucose is then made by the use of glucose oxidase. Relatively few 
manipulations are involved. 
This technique is applicable to a wide range of cereals, including the high-amylose-content, 
genetic mutants of maize. The method has a reproduceability of ± 1.5 010. 
The new procedure has been compared with methods based on polarimetry and perchloric acid 
extraction. 
(Zusammenfassung siehe Seite 108; Resume' c la page 108) 
Introduction 
During our current studies of the biosynthesis of starch in 
the developing cereal plant, we have had the problem of 
determining the amount of starch in as little as a single 
grain of a cereal. For this purpose, we required a method 
of starch-estimation which satisfied the following criteria: 
the method could be used on the semi-micro scale, i. e. 
on 7.5-20mg of cereal flour; 
the method would be absolute, and not involve any 
arbitrary correction factors; 
it would be accurate and easily reroduceable; 
the time required would be short, and the number of 
manipulations involved would be minimal; 
the method would be applicable to all types of cereals, 
particularly the amylomaizes and other starches of high 
amylose-content. 
Many methods for the estimation of starch in cereals have 
been described in the literature and they have been exten-
sively reviewed [1, 2]. However, none of these techniques 
met all our requirements; neither did the two procedures 
') For Part 1 see, Stärke 21(1969), 57. 
described in the "Official Methods of Analysis of the Asso-
ciation of Official Agricultural Chemists" [3]. The latter 
procedures involve either polarimetry of a calcium chloride 
extract of the cereal flour [4], or a perchloric acid extrac-
tion followed by precipitation of the starch as the iodine-
complex, and its subsequent hydrolysis to glucose and the 
estimation of reducing sugar [5]. In this connection, it 
should be noted that in an earlier paper [6], we have shown 
that a careful p h y s i c a 1 method of extraction of the 
whole starch granules is more effective for amylo-maize 
starches than the perchioric acid extraction method [3, 5]. 
Recently, starch-estimation procedures have been described 
[7-9] in which the starch in cereals has been gelatinized, 
and then subjected to an enzymic assay, but again these 
methods did not meet all our requirements. 
In the work described in this paper, we have modified our 
enzymic technique for the semi-micro estimation of the 
concentration of starch and its components in solution [10] 
to deal with the starch present in the cereal grain. We have 
found that the method described by Clendenning [4] for 
solubilizing wheat starch from the grain is extremely effec-
tive, and can be readily adapted to the semi-micro scale for 
a wide variety of cereals, including amylomaize. 
We have then established conditions whereby the concur- 
rent action of a-amylase and amyloglucosidase results in a 
rapid and complete conversion of the solubilized starch to 
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glucose, which is then estimated by glucose oxidase using a 
procedure similar to that of Fleming and Peg/er [11, 12]. 
This new assay procedure is detailed below. Results ob-
tained by this method for a variety of cereal grains are 
compared with those from the polarimetric and perchloric 




Analytical grade reagents were used throughout. 
80 0/0 aqueous ethanol. 
Aqueous calcium chloride. 
Calcium chloride hexahydrate was dissolved in water to 
give a solution with a density of 1.30 at 20 °C as measured 
by a hydrometer. The solution was then centrifuged until 
crystal clear. Glacial acetic acid was added to adjust the 
pH to 2 (B. D. H. Universal indicator paper). 
Cetyl alcohol. 
Acetate buffer (0.1 M; pH 4.8). 
Potassium hydroxide (0.05 M). 
Amyloglucosidase solution. 
The enzyme (a-i : 4-glucan glucohydrolase) was kindly sup-
plied by Dr. I. D. Fleming, Glaxo Research Ltd., Greenford, 
Middlesex. It was dissolved in water (1 mg per 1 ml) to 
yield a solution of activity = 14 units per 1 ml (1 unit = 
1 micromole of glucose liberated per minute from soluble 
starch at pH 4.6 and 37 °C). The enzyme solution was stored 
at 2 °C. 
Alpha-amylase solution. 
A volume of suspension containing 0.5 mg of crystalline 
porcine pancreatic a-amylase (Sigma Chemical Co.; manu-
facturer's reputed activity = 500 units/mg) was diluted to 
1 ml with distilled water. The enzyme solution was stored 
at 2 °C. 
Glucose oxidase-peroxidase-chromogen mixture. 
Horse-radish peroxidase (Boehringer Corporation (U. K.) 
Ltd.; 3 mg) glucose oxidase (Sigma Chemical Company; 
40 mg), and o-dianisidine dihydrochloride (20 mg) were dis-
solved in tris-buffer (100 ml) [11]. The mixture was stored 
in a brown bottle at 2 °C. 
Hydrochloric acid (7 M). 
Concentrated acid (150 ml) was diluted to 250 ml 
Assay 
Samples can be conveniently assayed in a series of batches 
of four by one operator. 
Sample Preparation 
The grains of cereal were ground in an agate mortar and 
pestle to pass through at lea s t a "Number 40 Mesh' (i. e. 
40 meshes per one inch) sieve. The flour was then dried at 
70 °C in a thermostat vacuum oven (Townson & Mercer) 
for 24 hr. 
Extraction to Remove Soluble Saccharides 
Dried flour (7.5-20.0mg) was accurately weighed (to 
0.05 mg) into a graduated, hard-glass centrifuge tube 
(10 ml). The sides of the centrifuge tube were carefully 
washed down with cold ethanol (ca 3 ml) and the wet flour 
compacted by centrifugation. The ethanol-wet residue was 
then extracted three times with hot 80 o/ o  aqueous ethanol 
(50-60 °C; 5 ml) to remove soluble saccharides. 
Calcium Chloride Extraction 
Calcium chloride solution (1 ml) was then added to the 
centrifuged residue, and the mixture was stirred carefully 
with a glass rod to give a uniform suspension. After adding 
a few porous chips for even boiling and a little cetyl alcohol 
to prevent foaming, the centrifuge tubes were immersed in 
an oil-bath at 130-135°C for a period of 15 min from the 
time that the mixture started to boil. During this boiling 
time, material around the sides of the tubes was periodically 
scraped down with the glass rod, and a constant volume 
was maintained by the addition, dropwise, of distilled 
water. 
Enzymic Digestion of Extract 
After cooling in the air to 20 °C, potassium hydroxide (a 
pre-determined volume, ca 2.4 ml) and acetate buffer (4 ml) 
were added to bring the pH of the mixture to 4.6-4.8. 
Enzyme solutions (0.5 ml amyloglucosidase solution plus 
0.1 ml a-amylase solution) were then added, and after gentle 
stirring, the tubes were immersed in a water-bath at 
47-48 °C for a period of 3 hr with occasional stirring. 
After completion of the enzymic digestion in this time, the 
contents of the centrifuge tube were carefully transferred 
with copious quantities of distilled water into a 250 ml gra-
duated flask, and made up to volume. The solution was then 
filtered through Whatman No. 1 filter paper, the first 30 ml 
of filtrate being discarded, and 20 ml portions were col-
lected for glucose oxidase assay. 
Glucose Assay 
Aliquots (1 ml; to contain 15-50 microgram of glucose) of 
the filtered digest were pipetted into glass-stoppered, boiling 
tubes (14 ml; preheated to 35 °C). Glucose oxidase-peroxi-
dase-chromogen mixture (2 ml) was added, and the tubes 
were incubated for 80 min at 35 °C. Hydrochloric acid 
(4 ml) was then pipetted into the tubes, the contents were 
thoroughly mixed by shaking, and the optical density of 
the resultant chromophoric complex was measured in a 
Hilger Spekker spectrophotomer (1 cm cells; Number 605 
filter, ), = ca 5500 A). The amount of glucose present was 
determined from the optical density by means of a pre-
viously constructed calibration curve. 
Calculation 
0/o of starch = 
(Optical density X calibration factor (in ,ug) X dilution 
factor X 0.90 X 100) 
sample weight (mg) X 10 
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or since dilution is 250-fold: 
	
barley = + 200°; regular maize = + 204°; potato = 
0/0 of starch = 
	 + 204 0 ;  amylomaize (AH70) = + 200 0 . 
Optical density X calibration factor (in ug) X 22.5 
sample weight (mg) 
Control Experiments 
It has been well-established in the literature [8, 13, 14] that 
the size of particles in the cereal flour is critical for efficient 
extraction. We have confirmed that grinding has to be con-
tinued until the grain will pass a number 40 - or finer - 
screen. 
Preliminary experiments established that 130 °C was the 
optimum temperature for the extraction with the calcium 
chloride. Below this temperature extraction was often in-
complete as shown by microscopic examination of the 
iodine-stained, cereal residue, whilst above 130 °C, it was 
found to be difficult to avoid spurting from the tube, with 
consequent loss of material. 
In agreement with Clendenning's results [4], a pH of 2 for 
the calcium chloride solution was found to be optimal. 
Above pH 3, the efficiency of the extraction was variable, 
and sometimes incomplete. Below pH 2.0, no adverse effects 
were observed, but there were difficulties in buffering the 
subsequent enzymic digests. 
It was then established that the optimum extraction time 
at 130 °C with the calcium chloride at a pH of 2 was 
15-20 mm. Recovery of glucose (Kerrfoot; biochemical 
reagent grade; see ref. [10]) when subjected to the extrac-
tion procedure varied from 99.3 to 101.8 o/ o, thus demon-
strating that no destruction of glucose occurred. 
In order to establish the optimum time of amylolysis, sam-
ples of barley grain were extracted as above, and they were 
then incubated with the enzyme mixture for 30, 60, 90, 120, 
150, 180, 210 and 240 mm. The resultant percentages of 
starch were: 
37.8, 42.3, 58.9, 65.2, 64.7, 66.0, 65.6, and 65.9, respec-
tively. An incubation time of 180 min was chosen for rou-
tine assays. 
Recovery of maltose (Kerrfoot; biochemical reagent grade; 
see ref. [10]) was 99.6 to 99.7 0/o using the enzyme mixture, 
whilst the same recovery was found for soluble potato starch 
(B. D. H.; see ref. [1,0], and also for an amylopectin assayed 
both by the above technique and that involving acid hydro-
lysis, and alkaline ferricyanide determination of reducing 
power [10]. 
Comparison with Established Techniques 
The semi-micro enzymic assay was compared with the 2.5g-
scale calcium chloride/polarimetric method of Clendenning 
[4,3] and the 200 mg-scale perchloric acid/iodine complex/ 
reducing sugar method of Hassid and Neufeld [5,3]. 
A Perkin-Elmer Automatic '141' Polarimeter (10 cm cell; 
20 ° C; ). 5890 A) was used to measure the rotation of the 
calcium chloride solutions. Using our enzymic assay to meas-
ure the starch concentrations, the specific rotations, [a] 20, 
for some pure, isolated starches [6] were: 
These experimental values were used for calculations in the 
polarimetric method. 
In the Hassid and Neufeld technique, liberated reducing 
sugar was estimated by the alkaline ferricyanide method 
[10]. 
Results and Discussion 
We have determined the starch-content of a variety of 
cereal grains by this semi-micro method. Typical results are 
shown in Table 1; individual results show a repro-
duceability of ± 1.5 /o . 
Table 1. Typical Results for the Starch-Content (0/o)  of Various 
Cereal Grains obtained by the Semi-micro Method; and a Com-
parison with Other Assay Procedures. 
Assay Method 
Cereal grain 	Semi- 
micro') 	[all) 
2) 	[a]) 	HC1O44 ) 
Barley 59.3 65.2 60.2 59.5 
Regular maize 65.5 69.3 65.8 66.7 
Wheat 64.0 67.0 63.8 63.3 
Amylomaize 60.0 58.6 58.0 n. a.5) 
(70 0/o  amylose) 
Enzymic assay method described in Text. 
Clendenning method [3, 4] - polarimetry on aqueous CaCl 2 
extract. 
Solutions as in 2, except that concentrations of the solubilized 
starch were determined enzymically. 
Hassid and Nenfeld method [3, 51. 
n. a. = method not applicable; see ref. [6]. 
A comparison with established assay techniques was also 
carried out, and the results obtained by the polarimetric-
and perchioric acid-extraction methods are also included in 
the Table. 
It can be seen that the perchloric acid method is not appli-
cable to amylomaize starch [6], but that otherwise the 
agreement between this method and the semi-micro method 
is good, notwithstanding the tedious and time-consuming 
nature of the perchloric acid assay. 
In contrast, the results from the polarimetric method were 
nearly always appreciably higher than those from the semi-
micro assay. However, this discrepancy was almost entirely 
eliminated when the starch-concentration in the polarimetric 
assay were estimated enzymically. We are of the opinion, 
therefore, that the polarimetric method is assaying dextro-
rotatory, non-starch material from certain varieties of 
cereals. 
We would suggest that the semi-micro assay developed here 
can be used routinely to estimate accurately the amount of 
starch in any cereal product. 
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Zusammenfassung 
Die Charakterisierung der Strke und ihrer Bestandteile. Teil 2. 
Die Halbmikrobestimmung des Stdrkegeha1tes von Getreide-
körnern und verwandten Materialien. Zur Bestimmung der in 
Get reidekö rnern enthaltenen Starkemenge wurde eine schnelle 
Halbmikromethode entwickelt. Die Methode ist fur Mehiproben 
von 7.5 his 20 mg anwendbar, so dali die Stärkemenge eines 
einzelnen Korns ohne weiteres ermittelt werden kann. Bei dem 
in semen Einzelheiten beschriebenen Verfahren wird zunächgt die 
Stärke mittels heifier wafiriger Calciumchloridlösung gelöst und 
dann der Extrakt der gemeinsamen Einwirkung von a-Amylase 
und Amyloglucosidase unterworfen. Unter Verwendung von 
Glucoseoxydase wird anschlie fiend eine quantitative Bestimmung 
der entstandenen Glucose vorgenommen. Die Methode erfordert 
relativ wenige Arbeitsgange. Sie ist in weitem Bereich anwendbar 
bei Getreidearten, einschliefihich den amylosereichen genetischen 
Mutanten des Maises. Die Methode hat eine Reproduzierbarkeit 
von ± 1.5 01 
Das neue Verfahren wird mit Methoden verglichen, die auf der 
Polarimetrie und auf der Perchlorsäureextraktion beruhen. 
Résumé 
Caractérisation de l'amidon et de ses constituants. II. Un semi-
micro dosage de La teneur en amidon des grains de céréales et des 
produits similaires. Une semi-micro méthode rapide pour la deter-
mination de la teneur en amidon dans les grains de ce're'ales a 
e'te' mise au point. La méthode est appropriée pour une quantite' 
d'e'chantillon de farine comprise entre 7.5 et 20 mg, en consé-
quence la teneur en amidon d'un seal grain peut étre facilement 
dosée. Le mode opératoire - qui est décrit en de'tail - consiste 
d'abord a solubiliser I'amidon dans du chlorure de calcium t 
chaud, suivi par l'action combinée de l'a-amylase et de l'arnylo-
glucosidase sur l'extrait. Le glucose produit est alors dose' quan-
titativement au moyen de la glucose-ox ydase. 
La technique implique relativement peu de manipulations, elle est 
appliquable a une large gamme de cére'ales, les mutants génétiques 
de mals a haute teneur en amylose inclus. La reproductibilité de 
la méthode est de ± 1.5 01 
Ce nouveau mode opératoire a été compare' avec ceux base's sur 
la polarimétrie et l'extraction d l'acide perchlorique. 
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The Characterization of Starch and Its Components 
Part 3•*)  The Technique of Semi-Micro, Differential, Potentiometric, 
Iodine Titration, and the Factors Affecting It 
By W. Banks, C. T. Greenwood, and D. D. Muir, Edinburgh (Scotland) 
An improved apparatus for the semi-micro, differential, potentiometric titration of starch and 
its components with iodine is described. The necessary experimental manipulations are given 
in detail. The factors affecting the measurement - the amount of dimethylsuiphoxide present, 
the buffer concentration, the method of dissolving the starch, the defatting procedure used on 
the starch, and the temperature of measurement - are critically examined. 
The new technique results in values of iodine binding capacity for starches which are 515 010 
higher than previous measurements. The significance of this finding is discussed. 
(Zusarnmenfassung siehe Seite 124; Résumé a la page 124) 
I ndrod uction 
The interaction of starch and its component amylose and 
amylopectin fractions with iodine is perhaps the most 
characteristic property of these polysaccharides. On the 
basis of this interaction, various methods have been devised 
for determining the amylose-content of starches. The 
methods, which have been reviewed in detail [1, 2], can be 
classified into techniques depending on either (1) potentio-
metric titration of the starch with iodine, or (2) a similar 
amperometric titration, or (3) spectrophotometric deter-
mination of the intensity of the colour of the iodine-com-
plex. 
Experience has shown that although spectrophotometric 
methods provide a convenient and rapid method of ana-
lysis, they are not sufficiently sensitive for accurate meas-
urements on the semi-micro scale, particularly for those on 
the amylopectin component. Amperometric methods also 
appear to have the same disadvantages, and there is little 
doubt that the most satisfactory method of measuring the 
iodine binding characteristics of a starch, or its components, 
is by potentiometric titration. However, as was first em-
phasized by Gilbert and Marriott [3], the accuracy of the 
direct titration method introduced by Bates, French, 
and Rundle [1, 2, 4] can be improved by using a dif -  
f e r e n t i a 1, potentiometric technique. 
We have found that the semi-micro, differential, potentio-
metric, iodine titration method is an essential tool in starch 
chemistry. Our earlier apparatus [5] utilized a laboratory-
built electrometer to deal with the high impedance of the 
original circuit [3], and this complication obviously re-
stricted the general applicability of our technique. The 
current ready-availability of commercial, electronic equip-
ment with the necessary specifications has now made the 
setting-up of the detector for a differential titration very 
much simpler. Using a digital voltmeter, we have now 
modified our apparatus; it is now easier to use, and its 
stability and sensitivity have been increased. 
In this paper, the new apparatus is described together with 
a detailed account of the experimental, method. Factors 
which affect the measurement of the apparent iodine bind-
ing capacity of a starch are also critically discussed. 
General Conditions for the Analysis 
The extent to which a completely-dispersed, pure starch or 
starch component binds iodine depends on (1) the concen-
tration of iodide and other ions present, (2) the pH, and (3) 
the temperature. For the purpose of routine analysis, these 
variables have to be fixed. 
Iodide ion concentration. We use a molarity of 0.01 for 
the iodide concentration in the supporting electrolyte, for, 
in agreement with the results of Kuge and Ono [6], we 
have found that maximum binding occurs at this molarity. 
pH. In order to repress hydrolysis of the iodine, the titra-
tion media has to be kept slightly acidic: phosphate buffer, 
pH 5.8, is used in a fixed amount. 
Temperature. To obtain maximum information from the 
results of the iodine titration, the measurement is best car-
ried out both at 2 °C and 20 °C [7]. Elsewhere, we shall 
discuss in detail the effect of these, and other variables, on 
complex-formation. 
Concentration of Starch 
The optimum amount of polysaccharide (per 840 ml) in 
our semi-micro technique is: 
amylose 	= 3-6mg 
amylopectin = 12-24 mg 
starch 	= 5-25 mg (depending on type). 
Principle of the Method 
The differential technique involves two iodine/iodide half-
cells, each with a bright platinum electrode, which are con-
nected by a liquid bridge. The test half-cell, t, contains the 
starch sample in the buffered iodide solution; and the con-
trol half-cell, c, contains buffered iodide at an identical 
concentration. 
This experimental set-up results in an iodine concentration 
cell without transference, i.e. 
1 2[(a12)e] I I'(aj—)  I 1 2 [(aj2)t] 
* For Part 2 see, Stärke 22 (1970), 105. 	 where a represents the activity. For one electrode, the 
potential, E, is given by E = E0 - RT  in [(ai2)'I2/a j —] 
where R, T, and F are the Gas constant, temperature, and 
Faraday constant, respectively. The overall potential of the 
cell is thus: 
- RT 
E = 	in [(a1 2 ) c/(aj2)t] 2F 
The apparatus is used as a n u 11 instrument for when 
there is no potential between the electrodes, then 
(a1 2 ) 0 	(a12)t 
or [ 12]c = [ 1 2]t 
assuming the activity coefficient is unity. 
In use, iodine is added to the test half-cell, and then the 
potential produced is cancelled out by addition of iodine 
to the control half-cell. At this point of null potential, the 
amount of iodine added to the control cell corresponds to 
the concentration of free molecular iodine in the test solu-
tion, whilst the amount of iodine bound by the starch is 
given by the d if f e r e n c e between this amount and the 
original amount of iodine added. 
Titration curves of "bound iodine" v e r s u s "free iodine" 
are then obtained directly. 
Experimental Methods 
Reagents 
Analytical-grade, inorganic reagents were used throughout. 
Stock potassium iodide solution (0.1 M) 
Stock iodine (0.05 M) in potassium iodide (0.1 M) 
Arsenious oxide (0.005 M) 
Starch indicator solution 
Sodium bicarbonate solution (saturated) 
Iodine solution for titration (0.005 M 12  in 0.01 M KI). 
Fresh iodine solution was prepared daily by tenfold dilution 
of the stock 0.05 M 12/0.1 M KI with distilled water, and 
this solution was kept in a black, stoppered bottle. The 
dilute iodine solution was standardised regularly by means of 
arsenious oxide (0.005 M), the titration being carried out 
in the presence of sodium bicarbonate, using starch solution 
as indicator. 
Phosphate buffer (0.2 M KH 2PO4 and K21-1PO4 ; 
pH, 5.8) 
Amyloglucosidase solution [8]. 
The enzyme (a-i : 4-glucan glucohydrolase) was kindly sup-
plied by Dr. I. D. Fleming, Glaxo Research Ltd., Greenford, 
Middlesex, England. It was dissolved in water (1 mg per 
1 ml) to yield a solution of activity = 14 units per 1 ml 
(1 unit = 1 micromole of glucose liberated per minute from 
soluble starch at pH 4.6 and 37 °C). The enzyme solution 
was stored at 2 °C. 
Glucose oxidase-peroxidase-chromogen mixture [8]. 
Horse-radish peroxidase (Boehringer Corporation (U.K.) 
Ltd.; 3 mg), glucose oxidase (Sigma Chemical Company; 
40 mg), and o-dianisidine dihydrochloride (20 mg) were dis-
solved in tris-buffer (100 ml). The mixture was stored in a 
brown bottle at 2 °C. 
Hydrochloric acid (7 M) 
Concentrated acid (150 ml) was diluted to 250 ml. 
Sample Preparation 
Hydrous starch (i.e. starch granules which have been stored 
under water to equilibrium) was dissolved in dimethyl-
sulphoxide (DMSO) to give a 1 —4 0/0 solution, depending 
on the character of the starch [9]. The criterion of complete 
solution being achieved was that on centrifugation at 
2 X 103  g for 20 mm, no gel should be obtained. The starch 
was precipitated with ethanol (3 vol), a small amount of 
saturated sodium chloride solution being added to induce 
flocculation in difficult cases. After centrifugation, the starch 
was washed repeatedly with ethanol to ensure complete 
removal of DMSO, and dried overnight in vacuo at 65 °C. 
The dry, non-granular starch was then dissolved in DMSO, 
and this solution used in the iodine titration as described 
below. 
Apparatus 
The apparatus is shown diagrammatically in Figure 1. Each 
half-cell consists of a 1 litre round-bottom flask, equipped 
with 4 ground glass joints which accommodate (a) the 
stirring gland, (b) the electrode, (c) the liquid bridge by 
Figure 1. Semi-micro, differential, potentiometric, iodine titration 
apparatus shown in diagrammatic form: 
1. Half-cell; 1 litre round-bottomed Pyrex flasks, each fitted with 
1 X B 34, 2 X B 19, and 1 X B 10 sockets. (B 10 sockets for addi-
tion of iodine are fitted at the front of the flasks and are not 
shown on the diagram.); 2. Electrode; see Fig. 2 for details; 
3. Liquid bridge; see Text; 4. Stirrer-gland (Quick-fit) for pulley 
system; 5. Stirrers; 6. Digital voltmeter; see Text. 
which the two half-cells are connected, and (d) the "Agla" 
syringe (Wellcome Reagents Ltd., Beckenham, Kent, Eng-
land), by which iodine is added. 
The stirrers, which operate continuously during the titration, 
are driven by a pulley system. 
The liquid-bridge consists of a U-tube, having a middle 
arm which can be sealed by means of a glass stopcock. This 
simple system eliminated junction potentials and proved 
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particularly effective. (A frittered glass disc in the U-tube 
was not necessary.) The bridge (internal volume ca. 2 ml) 
was filled by opening the stopcock on the side-arm, apply-
ing sudden suction by means of a rubber bulb, and closing 
the stopcock as soon as the bridge was filled. (By rapid 
filling of the bridge in this manner, air bubbles are entirely 
eliminated.) 
The use of coloured solutions has shown that the equali-
zation of liquid levels in the two half-cells may be carried 
out sufficiently accurately by arranging them both to be 
identical with the thermostat-bath liquid-surface; no si-
phoning was observed on filling the connecting bridge. 
Electrodes 
Electrodes are constructed of platinum foil (1 inch X 1 inch 
X 0.004 inch) welded to platinum wire, sealed through soft 
glass, and silver-soldered to a silver rod (see fig. 2). All the 
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Figure 2. Details of construction of electrodes: 
Platinum foil (1 inch X 1 inch X 0.004 inch); 
Platinum wire (0.02 inch diameter), in soft glass; 
Silver rod; sealed into glass with solder covered with Picein wax. 
 
-- -, soft glass; 	, hard glass; 
.... graded soft/hard glass seal. 
fully tested to ensure the elimination of small, random 
junction potentials which can give rise to detector insta-
bility. The electrodes are connected directly to the detector. 
The electrodes were cleaned by immersion in concentrated 
nitric acid and repeated washing with first water and then 
electrolyte, until no potential (less than 0.01 mV) is observed 
when the two electrodes are placed in the same iodine/iodide 
solution. 
Thermostat 
The cells are supported in an ethylene glycol/water thermo-
stat bath. Temperature control at 20 °C ± 0.05 °C is main-
tained by a "Circotherm" thermostat control and circula-
tory unit. Control at 2 °C ± 0.05 °C is achieved by use of a 
"Grant" refrigerator unit (running continuously) in con-
junction with the appropriately-set "Circotherm". 
Lagging the copper bath with a 2 inch thick layer of poly-
urethane foam effectively prevents any condensation prob-
lems at low temperatures. 
Electronic Detector 
A digital voltmeter can be used directly to deal with the 
original high impedance circuit [3, 5], or the low impedance 
set-up described above. We have found that a "Solartron" 
digital voltmeter Model LM 1450 (Solartron Electronic 
Group Ltd., Farnborough, Hampshire, England) is ideal. 
Readings can be made to 0.01 mV on the 20 mV range. The 
instrument is used on automatic display (50 readings per 
second) with the 60 dB filter in use (60 dB attenuation of 
series mode interference from 50 c/s to 120 c/s). Any instru-
ment with equivalent specifications would be suitable for 
the titration. 
Titration Procedure 
Electrolyte solution was prepared by diluting 203 ml 0.1 M 
potassium iodide and 20 ml 0.2 M phosphate buffer (pH 5.8) 
to 2 1 with distilled water. 830 ml of this electrolyte solution 
was then added to each half-cell and the cells placed in the 
thermostat so that the liquid level in each was the same as 
that in the thermostat bath. The liquid bridge was then 
placed between the half-cells as described above and filled; 
the electrodes were then placed in the cells; and stirring 
was started and maintained, at a rate sufficient to give 
rapid mixing without causing undue turbulence. 
The stock solution of the sample to be titrated was pre-
pared by diluting the polysaccharide/DMSO solution (1 ml) 
with distilled water (11 ml). A blank was prepared in a 
similar manner, omitting only the polysaccharide. Blank 
and sample solutions (10.0 ml) were added to their respec-
tive half-cells by pipette (plugged with cottonwool). Thirty 
minutes were allowed for temperature equilibrium to be 
attained before commencing the titration.') 
An aliquot (usually 5 "Agla" units')) of iodine solution 
(0.005 M, in 0.01 M KI) was added to the sample half-cell 
by means of an "Agla" micrometer syringe, and five 
minutes allowed for equilibrium to be achieved. The iodine 
solution was then slowly added (again by micrometer 
syringe) to the blank half-cell until zero potential (less 
than 0.01 mV) was indicated on the detector. At this point, 
the concentration of molecular iodine in the two half-cells 
is equal, and hence the amount bound by the polysaccharide 
is given by the difference in the volumes added to both 
sides. The addition and balancing process was repeated until 
the complete curve of iodine bound as a function of free 
iodine was obtained. 
Determination of Polysaccharide Concentration 
Immediately after adding the aqueous DMSO/polysaccharide 
solution to the sample half-cell, an aliquot (1.0 ml) of the 
remaining stock solution was taken for determination of 
concentration. This was achieved by hydrolysis to glucose 
using amyloglucosidase (starch solution so diluted that the 
polysaccharide concentration was 15-40g/ml), and the 
glucose estimated by the glucose oxidase/peroxidase tech-
nique described previously [8]. 
It should be noted that the aqueous DMSO/polysaccharide 
solution is. to be used for both iodine titration and deter-
mination of concentration immediately upon its pre-
paration. Whilst this precaution is unnecessary for the 
majority of starches, it is mandatory in the case of amylo-
maize starch, and its components, because incipient retro- 
Small random potentials may be observed before commen-
cement of iodine addition which are not significant as the 
electrometer is effectively on open circuit. 
50 "Agla" units = 1.00 ml. 
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gradation, which affects both the iodine uptake, and the 
concentration determination, occurs if the solution is 
allowed to stand for several hours before use. 
Calculation 
If It  and I are the amounts of iodine (in "Agla" units) 
added to the test and control half-cells, respectively, the 
amount of bound iodine, 'b = It - I , - 
The values of total bound iodine = 2 'b,  and the total free 
iodine = 2 1, , are evaluated consecutively. 
2 'b  is then converted to the weight of iodine and divided 
by the weight of starch to obtain the milligrammes of iodine 
bound per 100 mg of starch, i.e. 
2 'b X 12 normality X 254 X 10 
	
weight of iodine = 
	50 X 2 X 103 mg 
=W12 
weight of starch = Calibration factor (C.F.)t) x optical 
density (O.D.)t) X dilution factor X 
volume added )( 0.9 = WA 
Thus the percentage of iodine bound = 100 W1 2/WA. 
2 I is converted to an iodine concentration [12] (moles per 
litre), i.e. 
(2 I X 12 normality) 
moles per litre. [11 	50 x 2 x 840 
100 W1 2/WA is then graphed against [ 12]c. 
Results and Discussion 
The Definition of Iodine Binding Capacity 
Typical titration curves are shown in Figure 3 - in this 
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Figure 3. Iodine titration curves at 20° C for potato starch and 
its components: (1) amylose, (2) starch, and (3) amylopectin. The 
dotted lines show the alternative methods of obtaining the iodine 
binding capacity (see Text). 
t For enzymic determination of glucose [8]. 
amylopectin fractions. We define the iodine binding capa-
city as the weight (in mg) of iodine bound by 100 mg of 
the polysaccharide at zero free-iodine concen-
t r a t i o n. Thus to obtain the iodine binding capacity the 
results obtained over a finite range of free-iodine concen-
trations have to be extrapolated to zero concentration. The 
extrapolatioil is shown in Figure 3 by the broken lines to 
obtain the values of iodine binding capacity described by 
the X values. 
The extrapolation procedure has no firm theoretical foun-
dation; other workers [1, 2, 4] define iodine binding capa-
city as the point at which the extrapolated maximum and 
minimum slopes meet. In Figure 3, this point, denoted by Y, 
is also shown. This procedure, however, is equally as arbi-
trary as our own. The two extrapolation techniques are 
based on different concepts. We believe that the uptake of 
iodine other than in helices (this secondary uptake is prob-
ably due to a surface absorption effect) occurs at all con-
centrations of free-iodine, thus justifying extrapolation to 
zero free-iodine concentration. The alternative viewpoint 
is that the secondary process occurs s u b s e q u e n t to the 
helices being occupied; accepting this argument leads to the 
second method of extrapolation. 
In most cases, the difference between the two methods of 
extrapolation is quite small, and therefore negligible. This 
is not the case with amylomaize starches, however, where 
the limiting slope is rather large, leading to an appreciable 
difference in the two techniques. 
The Equilibrium Time for Potentiornetric Titration 
The direct visualization of potential in the new experimen-
tal set-up has enabled absolute observations to be made, 
for the first time, of the time necessary to form the iodine-
complex. These results will be discussed elsewhere, but the 
salient feature of importance here is that - after physical 
mixing has been achieved - equilibrium is n o t i n s t a n - 
t a n e o u s. This result implies that the starch helix is not 
preformed in aqueous solution, and that some type of co-
operative phenomenon is occurring. 
The effect is most pronounced in titrations with amylose, 
and here both the initial portion and the rising portion of 
the binding isotherm are time-dependent. However, the 
final, linear portion of the binding curve is independent 
of time. Similar effects are found for starches, and these 
results will be discussed elsewhere. 
Reproduceable results are obtained by standardization of 
the titration procedure, i.e. allowing 5 min for equilibrium 
for each point on the curve. 
Factors Influencing Iodine Binding Capacity 
(1) The amount of dimethylsuiphoxide. Mature potato 
starch (var. Pentland Crown) was dispersed in 0.2 M KOH 
at 2 °C with shaking, neutralised to pH 5.8 with 0.15 M 
phosphoric acid, and an aliquot (10.0 ml) taken for iodine 
titration. The experiment was repeated twice, adding (a) 
1.0 ml DMSO, and (b) 2.0 ml DMSO, to each half-cell im- 
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mediately prior to commencing the titration. The three 
curves so obtained were identical, in agreement with the 
results of Ad/ems and Greenwood [10]. 
It should be stressed, however, that there is some slight 
interaction between the iodine and the DMSO which leads 
to erroneous results if there is a difference in DMSO content 
between the two half-cells. For this reason, it is essential 
that the concentration of DMSO in the sample solution and 
the blank is identical. 
Variation in buffer concentration. The effect on the 
iodine binding capacity of the mature potato starch of 
varying the concentration of phosphate buffer (pH 5.8) in 
the half-cells is shown in Table 1. 
Table 1. The Iodine Binding Capacity of Potato Starch (var. 
Pentland Crown) as a Function of Phosphate Buffer Concentration. 
	
Phosphate Buffer 	Iodine Binding Capacity 
Concentration (mg 12 bound/100 mg starch) 
4.95 X 10 4 M 4.58 
1.98 X 10-3 M 4.54 
4.95 X 10-3 M 4.50 
9.90 X 10 -3 M 4.37 
It is obvious that buffer concentration has little effect on 
the iodine binding capacity - increasing the former 20-fold, 
decreased the latter by only 4.5 0/o.  Hence small differences 
in concentration between various batches of buffer would 
not cause any measurable change in the iodine binding 
capacity. However, it was noted that as the buffer con-
centration increased, the polysaccharide bound iodine at 
progressively lower concentrations of free iodine. Kuge 
and Ono [6] have reported a similar phenomenon, whilst 
carrying out spectrophotometric measurements on the amy-
lose-iodine complex. 
Variation in the procedure for dissolving starch. We 
have found that the most satisfactory general method of dis-
solving starch is to use dimethylsulphoxide. In this solvent, 
starches of high amylose-content give gel-free solutions within 
30 mm (using hydrous starch granules, and gentle stirring), 
but longer periods are required for the complete dissolution 
of waxy starches [9]. The time required is also a function 
of the type of starch - cereal starches dissolve more easily 
in DMSO than do tuber starches. We investigated the 
dependence of the iodine binding capacity of mature potato 
starch on the period the granules had been in DMSO 
solution. The results are shown in Table 2. 
Table 2. The Iodine Binding Capacity of Potato Starch (var. 
Pentland Crown) as a Function of the Time the Granules Have 
Been Treated with Dimethylsulphoxide. 
Time 	 Iodine Binding Capacity 
(hours) (mg 12  boundl100 mg starch)  
3.5 4.38 
6 4.47 




From the results, it is obvious that complete solution of the 
potato starch granule is achieved in 6-7 hrs. Moreover, the 
starch/DMSO solution appears to be stable over prolonged 
time intervals. The iodine titration of the potato starch was 
repeated on the DMSO solution which had been stored for 
approximately 6 months; the resultant iodine binding ca-
pacity was 4.55 mg iodine/100 mg starch. 
In the course of this investigation of iodine uptake by 
mature potato starch, we noted that the results showed a 
significant, and reproduceable, increase (some 5 0/a)  in the 
value of the iodine binding capacity compared to that 
obtained by our previous technique. In the latter, the starch 
granules were dissolved in caustic alkali, and the solution 
neutralised with phosphoric acid prior to titration [5]. We 
therefore investigated the effect of varying the method of 
dispersion of the granules on the iodine binding capacity 
of potato starch. The results are shown in Table 3. 
Table 3. The Effect of Varying the Method of Dispersion of the 
Granules on the Iodine Binding Capacity of Potato Starch (var. 
Pentland .Crown). 
Reagent for 	Iodine Binding Capacity 
Dispersion of Granules 	(mg 12 bound/100 mg starch) 
DMSO 	 4.55 
0.2 M KOH 4.27 
0.5MKOH 	 4.41 
The highest iodine binding capacity was achieved when 
DMSO was used to disperse the granules. Moreover, on 
repeating the experiment, using a number of DMSO/starch 
solutions, the reproduceability of the results was high 
(ca ± 1 0/  of the mean iodine binding capacity). The use 
of caustic alkali as solvent led to a considerable variability 
(± 3 o/o) in the results obtained. In agreement with the 
work of Ad/ems and Greenwood [10] on amylomaize starch, 
the use of higher concentrations of alkali obviously leads 
to enhanced iodine binding capacities. Similar results were 
obtained using maize starch. 
Adkins, et al. [9] have reported that to completely destroy 
the structure of the mature cereal starch granule, it is 
necessary to precipitate the starch from DMSO solution, 
and then redissolve it in DMSO. The effect of repeated 
dissolution of various cereal starches (defatted by the proce-
dure of Schoch [111) on the measured iodine binding capac-
ity is shown in Table 4. 
There is a tendency for the iodine binding capacity to in-
crease as a result of the second precipitation from DMSO. 
However, the increase is so slight as not to justify the 
labour involved. Also, in some cases it was found that the 
second precipitation led to a decrease in the iodine affinity; 
this decrease was always found to be due to incomplete 
precipitation of the starch on the second occasion. It was 
found that the addition of a few drops of saturated sodium 
chloride solution to the precipitation mixture facilitated 
flocculation and prevented incomplete precipitation of the 
starch. 
DMSO is also a better solvent than 0.2 m KOH for n o n - 
granular  starch. ("Non-granular starch" is the term we 
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Table 4. Iodine Binding Capacity of Cereal Starches as a Func-
tion of the Dissolution and Precipitation Procedure. 
Procedure I 	 II 
Iodine Binding Capacity of Starch 
(mg 12 bound/ 100 mg starch) 
Barley (var. Ymer) 5.66 	5.76 
Barley (var. Lethbridge) 5.55 5.60 
Barley (var. Pentlandfleld) 8.15 	8.20 
Wheat (var. Capitole) 5.40 5.51 
1 I = Defatted starch dissolved in DMSO, precipitated with 
ethanol, dried and re-dissolved in DMSO; 
II = Defatted starch dissolved in DMSO, precipitated with 
ethanol, dissolved in DMSO, precipitated with ethanol, dried 
and re-dissolved in DMSO. 
apply to the polysaccharide obtained from the precipitation 
of a starch/DMSO solution.) 
(4) The defatting procedure. It has long been recognised 
that fat preferentially complexes with amylose, and thus 
prevents the binding of iodine to the polysaccharide [11]. 
The usual method of removing fat is to extract the starch 
with hydrophilic fat-solvents such as 85 0/0 aqueous metha-
nol, or 800/0 aqueous dioxane [11]. These methods may be 
efficient, but they are time-consuming, and are difficult to 
apply to small quantities (<20 mg) of starch. 
As we have pointed out elsewhere [12], both DMSO and 
ethanol are solvents for fats, and hence our dissolution and 
precipitation technique should provide an efficient (and 
rapid) method for removing fat from starches. The results 
in Table 5 show that this is the case. 
Table 5. The Effect of Various Defatting Procedures on the 
Iodine Binding Capacity of Cereal Starches. 
Procedure' ) 	 I 	II 
Iodine Binding Capacity of Starch 
(mg 12 boundl100 mg starch) 
Barley (var. Pentlandfield) 5.35 8.20 
Barley (var. Ymer) 3.73 5.66 
Wheat 4.22 5.40 
Rye 4.70 5.51 
Maize n.d .21 5.33 
1 I = Iodine binding capacity of undefatted starch; 
II = Iodine binding capacity of starch precipitated from DMSO 
by the addition of ethanol. 
2 n.d. = not determined. 
The DMSO/ethanol supernatant liquors remaining after 
the removal of the precipitated starch were distilled under 
reduced pressure to remove the ethanol. The residual 
DMSO was then added to the corresponding starch/DMSO 
solution, and the iodine binding capacities of the mixtures 
measured. In all cases, the DMSO extract was found to 
have a markedly depressant effect on the iodine binding 
capacity. This, of course, confirms that a DMSO/ethanol-
soluble material was responsible for the low iodine binding 
capacities obtained on using untreated starches. This mate-
rial is almost certainly a fatty-substance. 
The effect of temperature. In our earlier studies of the 
effect of temperature on the iodine binding capacity of 
starch and its components [7], we reported that for normal 
amylose the change in the amount of bound-iodine was 
small in comparison to that which occurred for the de-
graded polysaccharide. 
With our improved experimental set-up, we have been able 
to measure accurately the variation with temperature of 
the iodine binding capacity of normal amylose and starch. 
This has enabled us to carry out quantitative calculations. 
Table 6 shows the iodine binding capacities of amylose and 
a number of pea starches measured at 1.5° and 20.5 °C. 
Table 6. The Iodine Binding Capacity of Amylose and Various 
Pea Starches Measured at Two Temperatures, and the Calculated 
Amylose Contents of the Starches. 
Temperature 
1.5° C 20.5° C 
Sample kBCIII 0/ AmyloseE.B.C.> 0/ Amylose 
Amylose 22.2 100 19.5 100 
Pea (var. Early Onward) 15.3 69 14.1 72 
Pea (var. Little Marvel) 15.9 72 13.8 71 
Pea (var. Superb) 8.3 37 7.0 36 
Pea (var. Dwarf Defiance) 18.6 84 15.9 82 
1 I.B.C. = Iodine binding capacity (mg iodine boundl100 mg 
polysaccharide). 
The amylose contents of the starches have been calculated 
at both temperatures from: 
(iodine binding capacity of starch at T °C) 
0/o amylose = 	 -s-- X 100 (iodine binding capacity of amylose at T C) 
The iodine binding capacity of amylose increases with 
decreasing temperature; but so also do the iodine binding 
capacities of the various starches. Thus, when these values 
are used to calculate the percentage of amylose, using the 
relevant value for the iodine binding capacity of amylose, 
there is excellent agreement at both temperatures. 
However, amylomaize starch is again an exception for its 
amylose content apparently increases with decreasing 
temperatures. By analogy with studies carried out on syn-
thetic, amylose oligomers [13], we have suggested [13] that 
this type of behaviour provides a simple diagnostic test 
for the presence of short-chain material (30> chain-length 
< 150 glucose residues) in starch, or its fractions. 
Potential oxidizing action of iodine. The reversibility 
and extent of the iodine binding would be altered if the 
iodine were oxidizing or degrading the polysaccharide. It 
is thought that the experimental conditions preclude this 
action for the titration of an equivalent weight of glucose 
directly, or the addition of glucose to an equilibrium 
amylose-iodine system, did not cause any change in ob-
served potential. 
Conclusions 
Our new technique enables reproduceable and highly accu- 
rate results to be obtained from the semi-micro determina- 
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tion of the iodine binding capacity of starch and its com-
ponents. Indeed, in the case of amylopectin, experience 
has shown that amylose-impurities of the order of 0.5 °/o 
can be readily detected. We believe that no other method 
of measuring iodine binding capacity is capable of such a 
high degree of accuracy. 
It has been shown that the most important feature of the 
experimental technique is the proper dispersion of the starch 
granules prior to titration. 
The experimental procedure described above results in 
values for the iodine binding capacity of whole starches 
which are significantly higher (some 5 - 15 0/0) than those 
we have previously reported [14]. This effect is attrib- 
uted to: 
the DMSO-treatment more-effectively defats the gran- 
ule, 
the DMSO-treatment results in the complete disrupting 
of crystalline structures, and 
the enzymic method for determining polysaccharide con-
centration is more accurate than gravimetric methods 
used previously [5, 14]. 
We would suggest that these higher values are the more 
representative of the "true" iodine binding capacities of the 
starches. 
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Zu sam menfassu n g 
Die Charakterisierung von Starke und ihren Komponenten. 
3. Teil. Die Technik der differentiellen, potentiometrischen Haib-
mikro-Jodtitration und die sie beeinflussenden Faktoren. Es wird 
eine verbesserte Apparatur für die diflerentielle, potentiometrische 
Halbmikro-Titration von Stiirke und ibren Komponenten mittels 
Jod beschrieben. Die erforderlichen experimentellen Handha bun-
gen werden detailliert aufgefuhrt. Die die Messung beeinfiussen-
den Faktoren - Menge des anwesenden Dimethylsulfoxids, Puf-
ferkonzentration, Methode der Starkelosung, das auf die Starke 
angewendete Entfettungsverfahren und die Mefitemperatur - 
wurden kritisch gepruft. 
Das neue Verfahren führt zu Werten für das Jodbindungsver-
mögen von Starken, die urn 515 010 höher lie gen als bei fruheren 
Bestimmungen. Die Signifikanz dieser Befunde wird diskutiert. 
Résumé 
Caractérisation de l'amidon et de ses constituants. 3. Une semi-
micro méthode différentielle et potentiométrique de titration 
Node et les facteurs qui influent sur cc dosage. Un appareil 
amélioré pour une semi-micro méthode diflérentielle et potentio-
métrique de titration d l'iode de l'amidon et de ses constituants est 
décrite. Les manipulations expérimen tales necessaires sont données 
en de'tail. Les facteurs qui influent sur la mesure - quantite' de 
diméthylsulfoxyde présente, concentration du tampon, méthode de 
dispersion de l'amidon, procédi de de'lipidation de l'amidon, tern-
pérature au cours de la mesure, - sont examine's de facon critique. 
La nouvelle technique donne des valeurs de capacite' de fixation de 
l'iode qui sont de s d 150/0 plus élevées que les mesures pre'cé-
dentes. La signification de ces résultats est discutée. 
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Studies on Starches of High Amylose-Content 
Part 14*.  The Fractionation of Amylomaize Starch by Aqueous Leaching 
By W. Banks, C. T. Greenwood, and D. D. Muir, Edinburgh (Scotland) 
Amylomaize starch is known to contain an anomalous material which does not conform to the 
classical definitions of either amylose or amylopectin. A detailed study of this polysaccharide has 
not yet been carried out, principally because of the difficulty of obtaining it in sufficient quantity. 
This paper presents a rapid and simple method by which the isolation may be achieved. 
(Zusaminenfassung siehe Seite 200; Résumé a la page 200) 
The fractionation of amylomaize is complicated by the in-
herent instability of some of the starch-material present in 
the granule, and we have found that a specialized frac-
tionation scheme has to be rigorously followed if massive 
For Part 13 see: Strke 23 (1971), 12.  
retrogradation is to be avoided [1]. The end-result of this 
fractionation is an "amylopectin", which is heterogeneous, 
and consists of two polysaccharides, one of which is pre-
dominantly amylopectin in character, whereas the other is 
more akin to amylose. Some degree of separation of the 
two may be achieved by ultracentrifugation [2], or by 
complexing with iodine [1], but both methods are laborious 
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and inefficient. Indeed, it is the difficulty of obtaining this 
fraction free from ainylopectin which has prevented an 
extensive study being made of its characteristic properties. 
During investigations of the relation between the gelatiniza-
tion temperature as measured on the hot-stage microscope, 
and that obtained from viscosity measurements, we noted 
that at 90 °C the former technique showed the granules to 
have undergone an irreversible swelling and to have lost 
their birefringence (i.e. to have gelatinized), whereas tem-
peratures of around 130 ° C were necessary to produce the 
maximum viscosity potential. The changes which occur on 
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Figure 1. Leaching of amylomaize starches in boiling water - 
Material solubilized (%) as a function of time: (1) "Amylon 50"; 
(2) "Amylon 70". 
Figure 1 shows the percentage solubilization of two amylo-
maize starches of different apparent amylose-contents (50 
and 70 0/0, respectively) as a function of time of heating in 
boiling water. In both cases, there is an initial fairly rapid 
release of soluble material, followed by a much slower 
secondary process. The starch solubilized is a function of 
the apparent amylose-content, a larger amount being ex-
tracted from the starch of lower amylose-content. 
In a separate experiment, the two starches were extracted 
in boiling water for 1 h, cooled rapidly to room tempera-
ture, and the residual gelatinized starch granules removed 
by centrifugation. Butan-l-ol (sufficient to saturate) was 
added to both supernatant liquors, and after standing for 
2 h the resultant polysaccharide/butan-l-ol complex was 
removed. Potentiometric iodine titration and enzymic assay 
showed that this material was amylose. Aliquots of the 
residual supernatant liquors were taken for estimation of 
polysaccharide content (by enzymic hydrolysis, and estima-
tion of the resultant glucose), the remainder being concen-
trated on the rotary evaporator, and ethanol (3 vol) added. 
Copious precipitates were obtained from both supernatant 
liquors. These precipitates were washed repeatedly with 
alcohol, and dried in vacuo. The iodine binding curves 
for the amylose, i.e. the material which complexed with 
butan-l-ol, and the non-complexable fraction obtained from 
"Amylon 50" starch are shown in Figure 2. (Similar results 
were obtained using the fractions from "Amylon 70".) 
Figure 2 shows that the non-complexable material, which 
comprised approximately 25 0/0 of the polysaccharide re-
moved by leaching, exhibited the iodine binding charac-
teristics associated with the abnormal fraction of amylo-
maize [1, 2]. An aqueous solution (ca. 0.1 0/o) of the poly-
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Figure 2. Iodine titration curves (at 20.4 °C) for products leached 
from "Amylon 50": (1) material complexed with butan-l-ol; (2) 
material not complexed with butan-l-ol. 
force-field = 50,000 g) for 2.5 h and although this treat-
ment is sufficient to remove normal amylopectin from solu-
tion, the supernatant liquor was found to contain, within 
experimental error, all the polysaccharide originally pre- 
sent. 
The non-complexable fraction was also unstable in aqueous 
solution - visible retrogradation occurred in a 0.1 o/ o 
aqueous solution, stored at room temperature, in 4 days. 
This behaviour is a marked feature of the anomalous frac- 
tion found in amylomaize [1]. 
We conclude, therefore, that aqueous leaching of amylo-
maize starch provides the first simple, and rapid, method 
for obtaining the anomalous fraction in amylomaize free 
from amylopectin. The properties of this material are now 
being studied in detail. 
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Zusammenfassung 
Untersuchungen an Stãrken mit hohem Amylosegehalt. Teil 14. 
Die Fraktionierung von Amylomais-Stärke durch wãIrige Ex-
traktion. Es ist bekannt, dajI Amylomais-Starke ein anomales 
Material enthält, das weder der klassischen Definition für Amy-
lose noch der fur Amylopektin entspricht. Ein ins einzelne gehen-
des Studium dieses Polysaccharids ist bisher noch nicht unternom-
men worden, hauptsachlich wegen der Schwierigkeit, es in aus-
reichender Menge zu erhalten. Die vorliegende Arbeit zeigt eine 
rasche und einf ache Methode auf, mit deren Hilfe die Isolierung 
durchgefuhrt werden kann. 
Résumé 
Etudes sur les amidons riches en amylose. 14. Le fractionnement 
de l'amidon d'amylomaIs. II est connu que l'amidon de I' amy-
lomais contient un materiel anormal qui ne correspond ni a la 
definition classique de l'amylopectine ni a celle de l'amylose. 
Aucune étude de'taillée au sujet de ce polyholoside a été entreprise 
Jusqu'â present en raison de la difficulté que presence l'obtention 
d'une quantité suffisante de ce materiel. Ce travail montre une 
méthode simple et rapide a partir de laquelle l'isolement peut étre 
efJectué. 
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Pollen Starch from Amylomaize 
By W. Banks, C. T. Greenwood, D. D. Muir, and J. T. Walker, 
Edinburgh (Scotland) 
/ 
Pollen Starch from A my l oma ize * 
By W. Banks, C. T. Greenwood, D. D. Muir, and J. T. Walker, Edinburgh (Scotland) 
Starch has been extracted from the pollen of band 5 and band 7 amylomaizes which are homo-
zygous for the amylose extender (ae) gene. Microscopic examination showed the starch granules 
to be small, prolate ellipsoids, having minor diameters of approximately 0.5 a and major 
diameters of 1-2 a. Potentiometric iodine titration of the starches showed the apparent amylose 
content to be high, and to be grossly dependent on the temperature of measurement. This be-
havioural pattern is similar to that observed for the endosperm starches of amylomaize. It is 
therefore concluded that the starches of the gametophytic and sporophytic generations of amylo-
maize are similar in type. 
(Zusammenfassung siehe Seite 382; R6sum6 d la page 382) 
Introduction 
One of the earliest characters of the gametophytic genera-
tion of higher plants to be investigated was the starch of 
the pollen of cereals. In 1921, Parnell [1] showed that the 
pollen of rice plants homozygous for the glutinous or waxy 
gene (wx), situated in linkage group 1, stained red with 
iodine, as did-the endosperm starch. Similarly, normal (Wx) 
rice plants gave rise to pollen and endosperm starch which 
stained blue with iodine. The heterozygous Fl offspring 
yielded pollen which exhibited chemical dimorphism due to 
segregation at the waxy locus: pollen grains of Fl plants 
occurred in approximately equal numbers in two classes, 
which stained either red or blue with iodine. Parnell con-
cluded that the waxy gene (wx) was a simple recessive to 
the normal gene (Wx) giving starchy endosperm and pollen. 
In fact, the genetic situation is not quite as simple as this. 
Chandraratna [ 2 ] points out: .'although numberous workers 
including Van der Stok (1910) . . . have shown that the 
glutinous character of the endosperm is determined by a 
single allele . . . most workers have noted a serious deficiency 
in the number of glutinous segregants in F2". No satis-
factory explanation for this phenomenon is available, but 
the meiotic divisions were normal, and no lethality operated 
at the gametic level in Parnell's material. Back mutation of 
wx to Wx occurs at too low a rate to account for the 
segregation upsets, whilst evidence suggesting differential 
pollen germination is not substantiated. 
Deinerec [3], in 1924, carried out similar experiments on 
waxy maize and normal maize involving the wx locus on 
chromosome 9. His conclusions were identical with those of 
Parnell [1] in that his results provided direct evidence for 
1:1 segregation, and wx was recessive. An analogous in-
stance occurs in a third cereal, sorghum. Karper [4] demon-
strated convincingly a 1: 1 waxy: starchy ratio in the pollen 
of a heterozygote by means of iodine staining. Thus in the 
case of the starches from rice, maize and sorghum, we may 
conclude that the characters of the gametophytic generation, 
controlled by the haploid number of genes, are similar to 
those of the homozygous diploid, sporophytic generation. 
It is surprising, therefore, to note the assertion of Zuber 
* This is Part 16 in the series "Studies on Starches of High 
Amylose-Content"; Part 15, Stärke 23 (1971), 344. 
et al. [5] that there is no correlation between the amylose 
contents of the starches from the endosperm and pollen of 
amylomaize plants. Such a conclusion, implying as it does 
that, in one very important property, the gametophytic 
generation of amylomaize possesses quite different charac-
teristics to those of the sporophytic generation, must have 
a profound influence on the genetic study of amylomaize. 
If it is correct, amylomaize, homozygous for the amylose 
extender gene (ae), must produce in the pollen a starch 
similar to that in the pollen from normal maize having the 
homozygous dominant starchy gene (Ae). 
Two amylornaizes, band 5 and band 7, were grown in a 
controlled, glasshouse environment. Both genotypes are 
homozygous for the amylose extender gene, but their amy-
lose content is influenced by other, modifying gene loci. 
Pollen was collected from bagged tassels, and the excess, 
after self-fertilisation was accomplished, was subjected to 
chemical analysis. The pollens were extracted, the starches 
isolated and their characteristics determined. 
Experimental Methods 
Extraction of Starch from Pollen 
Immediately after collection, the excess pollen was immersed 
in HgCJ 2  solution (0.01 M). It was then extracted for 2 mm 
in a high-speed mechanical blender, in the presence of 
HgCl2 . The resultant slurry was screened (75 ft), and the 
residue re-extracted in the same manner. After a total of 
eight such extractions, the residue no longer gave a blue 
stain with iodine. The combined filtrates were allowed to 
sediment for 24 hrs at room temperature. Gentle suction 
was then applied to remove the supernatant from' the sedi-
mented material. The latter was suspended in dilute 
aqueous saline, and shaken with toluene (one-eighth volume) 
overnight. The starch was allowed to sediment, the toluene 
layer removed, added to water (10 volumes) and air bub-
bled vigorously through the mixture to release starch gran-
ules from the toluene. After standing for 3 his, the toluene 
and the aqueous layer were removed from the sediment 
and rejected. The starch sediments were combined, sus-
pended in aqueous saline and the extraction with toluene 
repeated. A total of 15 such extractions was necessary in 
order to achieve a clear toluene layer, signifying the remov - 
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al of all contaminating protein. Finally, differential sedi-
mentation was employed to remove a small amount of 
macerated pollen tissue which had survived the screening 
procedure. The product-starch was white in colour. 
Dissolution of the Starch 
The starch (ca. 50 mg) was dissolved in dimethylsulphoxide 
(DMSO) with gentle mechanical stirring to give a 2.5 0/0 
(w/v) solution. Ethanol (3 vols.) was then added to precip-
itate the polysaccharide, which was washed repeatedly with 
ethanol, and finally dried in vacuo (overnight, 65 °C). The 
non-granular starch was dissolved in DMSO (2 ml), and an 
aliquot (0.5 ml) taken for measurement of iodine binding 
capacity. 
Determination of the Amylose Content 
The amylose-contents of the pollen starches were deter- 
mined from measurements of their iodine binding capacity. 
The experimental technique has been described in detail [6]. 
Results and Discussion 
Microscopic Appearance of the Starches from Amylo-
maize Pollens 
The starches from the pollen of both the band 5 and band 7 
amylomaizes were fairly similar on microscopic examina-
tion. The granules were small, and, at the magnification 
used (x900), birefringence could not be detected. They 
were predominantly prolate ellipsoids, having a minor axis 
of ca. 0.5p, the major axis being ca. 1-2 t in length. 
Values from the starch from the band 7 amylomaize pollen 
were found to be predominantly at the upper end of this 
scale, whereas those from the band 5 pollen were mainly 
near the lower limit of 1 a. 
In the presence of iodine/potassium iodide solution, the 
granules stained deep blue. Whilst staining with iodine is 
a diagnostic test for waxy granules when it gives a red 
colouration, it cannot differentiate when it yields a blue 
colour between starches containing, for example, 30% and 
50 0/o of the linear component. 
Iodine Binding Capacity 
Figure 1 shows a graph of the bound iodine (mg o/)  as 
a function of the concentration of free iodine at (a) 20.5 ° C, 
Em 	 Concentration of Free Iodine I  106) 
Figure 1. The potentiometric, iodine titration curve for the band 
5 and band 7 amylomaize pollen starches at (a) 20.4 °C, and (b) 
1.5 °C. Band 5 (0), and band 7 (x). 
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and (b) 2.5 °C. The extrapolations to zero free iodine con-
centration to give the iodine binding capacities of the 
starches are also shown in Figure 1, and the results are 
summarised in Table 1. Also shown in Table 1 are the 
Table 1. The Iodine Binding Capacities, and Apparent Amylose 
Contents, of two Amylomaize Pollen Starches, measured at 20.4°C and 
1.5 °C. 
Amylomaize 	 Temperature 
20.4°C I 	1.5°C 
Type 	I. B. C.') I % of amylose2) I. B. C.1) % of amylose3) 
Band 5 	 9.2 	I 48 	I 12.3 	55 
Band 7 8.1 42 12.4 56 
I I. B. C. = iodine binding capacity (mg %). 
2 = % of amylose calculated from 100 x I. B. C./19.5 (see text). 
3 = % of amylose calculated from 100 x I. B. C./22.4 (see text). 
apparent amylose-contents of the two starches, calculated 
on the basis that the iodine binding capacity of amylose is 
19.5 mg /o  at 20.4 °C, and 22.4 mg 0/o  at 1.5 °C [7]. We 
have found that the difference between amylose contents 
measured at two temperatures by this technique is signifi-
cant only when material of comparatively short chain-
length (CL) is present, i.e. when 30 < CL,, < 150. This 
material, in fact, is found in appreciable amounts only in 
starches of high amylose-content. 
The point of immediate interest to emerge from these 
studies is that the amylose-contents of the starches from 
amylomaize pollen are much greater than those associated 
with the endosperm starches of normal maize (ca. 28 /o 
amylose), or reported previously [5] for the pollen starches 
of various maize genotypes. The high amylose-contents of 
our pollen starches, together with the apparent increase in 
this parameter on conducting the iodine titration at low 
temperature, strongly suggests that the starch characters of 
the gametophytic and sporophytic generations are similar, 
in contrast to the conclusions of Zuber et al. [5]. This 
earlier work fails to specify whether or not the starches 
were isolated and purified prior to the determination of 
amylose content: if they were not so treated, the reaction 
with iodine may have been partly suppressed by inter-
ference from proteins or fats. 
However, there are anomalies in the results presented in 
Figure la and Table 1. In particular, for the measurements 
carried out at room temperature, (a) the apparent amylose-
contents of the pollen starches are in the reverse order to 
those of the endosperm starches, and (b) the shapes of the 
titration curves are not those expected of amylomaize 
starches — a linear extrapolation is not usually possible [8]. 
On the other hand, the slopes of the linear portions of the 
curves, particularly that for the pollen from band 7 amylo-
maize, are greater than those encountered in the titration 
of normal maize starches. These anomalies are to some 
extent resolved in Figure lb, in which the iodine binding 
capacities of the two pollen starches are very similar, and, 
more importantly, at any finite concentration of free iodine 
the starch from the pollen of band 7 amylomaize binds 
more iodine than does that from the band 5 type. We have 
concluded from recent, detailed studies [9] on iodine titra 
Al 
'I 
tion that the extrapolation necessary to yield the iodine 
binding capacity is so arbitrary in the case of an amylo-
maize starch as to be meaningless. Accordingly, the appar-
ent amylose contents shown in Table 1 should be inter-
preted only as showing that the starches under examination 
are not those typical of normal maize. 
We conclude here, then, despite the fact that a much wider 
range-of genotypes and determinations would be needed to 
determine a statistical correlation, that the starches from 
the pollen of amyloniaize differ from the endosperm 
starches in degree, rather than in kind. The differences 
between the iodine titrations recorded in Figure 1, and 
those recorded for the endosperm starches, probably reflect 
a slight variation in the chain-length of the abnormal mate-
rial present in the two cases. Thus, we suggest that the 
pollen starches contain a short-chain material which is in-
capable of binding iodine at room temperature, but which 
does bind it at low temperature. The endosperm starches 
would then contain short-chain material which does bind 
some iodine at room temperature, and this binding is con-
siderably enhanced at lower temperatures. We have shown 
[7, 10] that such apparently profound differences in iodine-
binding behaviour can arise between chains which differ in 
length only by a few units. 
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Zusam menfassu n g 
Po1lenstrke von Amylomais. Die Stärke der Pollen der A,nylo-
mais-Genoty pen Linie 5 und Linie 7, die beide im Gen ,,Amylose 
extender (ae) homozy got sind, wurde extrahiert. Im mikrosko-
pischen Bud geben sich die Stärkekörnchen als klein und von ge-
streckt-elliptischer Form zu erkennen; sie messen in der kürzeren 
Achse etwa 0,5 u, in der langeren Achse 1-2 u. Der potentio-
metrischen Jodtitration der Stärlee zufolge dur/le der scheinbare 
Amylose-Gehalt hoch sein und in starkem Ma JIe von der Tempe- 
ratur der Messung abhangen. Diese Verhaltensweise ist ahnlich 
der der Endospermstär/ee des Amylomaises. Es ist daher der Schlull 
zu ziehen, dafi die Stärken der game tophytischen ünd der sporo-
phytischen Generationen des Amylomaises von ähnlichem Typ 
sind. 
Résumé 
L'amidon de pollen de I'amylomais. L'amidon ci éte extrait du 
pollen des bandes 5 et 7 de l'amylomaIs qui sont homozygotes 
pour le gene (ae) de l'amylose extender. L'examen microsco pique 
a montrg que les grains d'amidon sont de petits ellipsoldes pro-
lats ayant un diamètre minimal d'environ 0,5 u et un diamètre 
maximal de 1-2 e. La titration potentiomtrique ci l'iode indicue 
que la teneur apparente en amylose est levée et qu'elle dpend 
grossièrement de la temprature de mesure. Ce comportement est 
similaire ci celui observg chez les amidons d'albumen de l'amyio-
maIs. On en conclut que les amidons du gamétophyte et du sporo-
phyte de l'amylomaIs sont d'un type similaire. 
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The location of alpha-amylase in developing 
cereal grains 
W Banks, A D Evers and D D Muir 
Flour Milling and Baking Research Association, Chorleywood, Rickmansworth, Hertfordshire WD3 5SH 
When considering quantitative changes occurring in enzymic 
and other constituents during the development of cereal 
grains, the change in the relative proportions of the two 
principal types of tissue present is frequently overlooked. At 
maturity the endosperm constitutes 82 per cent of the total 
dry matter,' whereas it is not until 16 days after anthesis that 
this tissue accounts for more than 50 per cent of the total. 2 
Before this stage the principal constituent is the pericarp, a 
tissue of maternal origin and hence of different genetic con-
stitution from the endosperm and embryo. Failure to appre-
ciate the importance of the pericarp during the early stages 
of development may lead to the planning of experiments on 
unsound premises and incorrect deductions being drawn 
from published data. 
Attempts to relate enzyme activities, in the whole grain, 
during the early stages of development, to those of maturity 
have been made. However, they are of limited value unless 
the site of the enzyme within the grain is known to remain 
the same throughout development. Activity of alpha-
amylase during grain development in barley reaches a peak 
shortly after anthesis, it subsequently declines and stabilises 
10-15 days after anthesis. The low level is maintained until 
maturity, when it rises if germination occurs, the rate of 
increase varying from one cultivar to another.' A similar 
pattern is found in many wheat cultivars. 4 
The site of alpha-amylase activity during germination is 
well known to be the endosperm. Its location in the very 
young grain, however, has not previously been demon-
strated. Recent unpublished work by one of us (A. D. Evers) 
has shown that starch in the pericarp is continually synthe-
sised and digested during the early stages of grain develop-
ment. It seemed likely therefore that the alpha-amylase 
activity in whole kernels should be associated with starch 
digestion in the pericarp rather than synthesis in the endo-
sperm. The location of alpha-amylase in kernels between  
8 and 14 days after anthesis was therefore investigated. 
Spring wheat plants (cv. Kolibri) grown in pots under glass, 
were kindly made available by Mr A. C. Kendall of Rotham-
sted Experimental Station, Harpenden, Hertfordshire. The 
basal grain of the central spikelet on the main cuim was 
removed and dissected into pericarp-testa and endosperm-
germ fractions. Samples were collected, 8, 10, 12 and 14 days 
after anthesis. Each freshly dissected fraction was homo-
genised in a tissue grinder with 2 cm' 02M acetate buffer pH 
5.5 containing 10-3M CaCl2 . After centrifugation the super-
natant was assayed for alpha-amylase activity.-' Results are 
given in the Table. 
Table Alpha-amylase activities of single kernel fractions (LDC units)" 
Days after anthesis 
	
10 	12 	14 
Pericarp-testa 	 10 	16 	15 	17 
Endosperm-germ <03 <03 <03 <03 
a Reference 5 
Clearly the alpha-amylase present in the initial growth 
stage is associated primarily with the pericarp-testa fraction 
of the grain and the amount in the endosperm-germ is negli-
gible. This fact has to be taken into consideration when 
considering the possible implication of alpha-amylase in 
biosynthesis. 
Received 11 April 1972 
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Studies on Hydroxyethyl Starch. Part 1. 
A review of the chemistry of hydroxyethyl starch, with reference 
to its use as a blood plasma volume expander 
By W. Banks, C. T. Greenwood and D. D. Muir, Chorleywood (England) 
The uses of hydroxyethyl starch have been recently extended by the proposals for its employment 
as a blood plasma volume expander and cryoprotective agent. These potential pharmacological 
uses for the derivative demand that its chemistry and biochemistry be thoroughly understood. 
This review examines the methods of preparing hydroxyethyl starch, the chemical composition of 
the product, its physical properties and the factors governing its resistance to starch-degrading 
enzymes. 
(Zusammenfassung siehe Seite 186; Résumé a la page 186) 
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Introduction 
Hydroxyethyl starch (HES), prepared by the reaction of 
starch with ethylene oxide, is readily water-soluble and, in 
contrast to native starch, aqueous solutions are stable over 
prolonged periods. These properties, together with the low 
cost of manufacture have led to its extensive use as an in-
dustrial chemical. 
In the last decade, however, considerable interest has been 
shown in the pharmacological properties of HES, first as a 
blood plasma volume expander, and latterly as a cryopro-
tective agent for erythrocytes. The reason for the choice of 
HES as an artificial colloidal agent was that the branched 
component of starch, amylopectin, is very similar in struc-
ture to glycogen, the reserve polysaccharide of animals, and 
therefore was liable to be compatible with the body tissue. 
Attempts to use native starch as a plasma expander were 
not successful because of the presence of amylases in the 
blood. These enzymes rapidly degraded ,the starch macro-
molecules, and hence this colloidal agent did not survive 
sufficiently long in the intravascular system to be satisfac-
tory as a blood plasma volume expander. It has long been 
known, however, that the partial derivatization of starch 
makes it much more resistant to the highly-specific enzyme 
systems which attack it. Consequently, Wiedersheim [1] 
studied HES as a possible plasma expander, and found it 
to be relatively non-toxic. 
This work was subsequently confirmed, and considerably 
expanded by Walton et al. [2-7]. Indeed, it is now gener- 
ally accepted that HES produces no more deleterious effects 
in experimental animals than does the widely-used bacterial 
polysaccharide, dextran, and that HES has superior storage 
properties. However, one report has appeared [8] which 
claims that dextran is decidedly less toxic than HES, but 
the applicability of this work has been questioned [9]. 
This Review deals with the chemistry, and physical chem-
istry of HES-subjects which have not been considered in 
detail before. 
The Chemical Structure of HES 
The most commonly accepted model for HES is one in 
which the substituent hydroxyethyl group is found on car-
bon atom 6 of the glucose ring [2, 7, 10]. This model was 
given by Schoch in 1963 [11] - but this author did stress 
the random nature of the hydroxyethylation process during 
the discussion of one of his papers [12, 13]. We believe that 
the molecular structure of HES is of paramount importance 
with regard to the pharmacological uses of HES, and there-
fore this aspect is dealt with in some detail. 
In the first instance, a distinction has to be made between 
molar substitution and degree of substitu-
t i on, and for the purposes of this Review they will be 
defined as follows: 
1. Molar substitution (M.S.) is the mole fraction of hydro-
xyethyl groups per anhydroglucose residue, and it may be 
obtained from: 
wt. 0/0 hydroxyethyl group 	162 
M.S.= 	 x— 	(1) 
100 - wt. 0/ hydroxyethyl group 44 
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As each glucose residue in starch contains three functional 
groups which may react with ethylene-oxide, the M.S. of a 
totally-substituted starch polymer is three. 
2. Degree of substitution (D.S.) is the fraction of glucose 
residues substituted (at any of the three reactive hydroxyl 
groups). In order to obtain this parameter, it is necessary to 
measure both the M.S., and also the proportions of unsub-
stituted anhydroglucose residues. The D.S. may then be ob-
tained from: 
D s —1 
- [wt. of anhydroglucoseX [(1.0-M.S.) 162+ 206 M.S.] 
- 	 L 
 
162Xwt of polymer 
(2) 
These two parameters - M.S. and D.S. - are quite distinct, 
and one very important reason for this difference arises be-
cause of a type of reaction which has rarely been given the 
attention it deserves, namely the formation in HES of poly-
(ethylene oxide) side-chains. 
Ethylene oxide reacts with the hydroxyl groups to give an 
ether linkage, and concurrently generates a 
new hydroxyl group. Thus, for the reaction at car-
bon atom 6, for example: 
—CH2OH + CH, — CH, —s- —CH 20—CH2 —CH2 —OH 
This newly-introduced hydroxyl group is also able to react 
with ethylene oxide as follows: 
—CH2O—CH2 — CH, ---OH + CH2 —CH2 -~ 
-~ —CH20—CH2 —CH2 -0—CH2 ---CH2 —OH 
° and so on. The end result of this series of reactions is a side-
chain of poly-(ethylene oxide) having the structure 
—CH2—O—(CH2—CH2—O) - H. 
Following the arguments of Spurlin [14], and assuming 
that the introduction of a substituent at any one of the 
three hydroxyl groups in the glucose residue does not affect 
the reactivities of the remaining two hydroxyl groups and 
the substitution of each of the three functionalities is 
kinetically of the first order we may write: 
S2 = 1 - exp (—k 2t), 	 (3) 
S3 = 1 - exp (—k3t), 	 (4) 
S6 = 1 - exp (—k6t), 	 (5) 
where S21  S3 and S6 are the fraction of hydroxyl groups 
substituted at positions C2, C3 and C6 at time t, and k 2 , 1e3 
and 1e6 are the corresponding rate constants. The rate of 
formation of polymeric side-chains (Sr)  is given by 
dS=k0 (S 2 +S3 +S6)dt, 	 (6) 
where k is the rate constant of the polymerization reaction. 
The substitution pattern will be decided solely by the re-
lative values of the various rate constants, k 2 , k 3 , k 6 and 
k. If, for example, k6 > k2 , k 3 or k, then the resultant 
HES will consist (to a first approximation) of a series of 
anhydroglucose units substituted only at carbon atom 6. 
Similarly, if k > k2 , k3 or k 6 , the HES would have rela-
tively few glucose units substituted but each one that was 
would carry a long side-chain or poly-(ethylene oxide). 
Using these extreme examples, it can be seen that two HES 
starches with radically different chemical structures could 
have identical values of M.S., although these differences 
would be reflected in their different values of D.S. 
From the viewpoint of persistence in the blood, the prod-
uct in which monosubstitution is dominant is to be greatly 
preferred because the modification of the individual glucose 
residues of the starch polymer will prevent a-amylolytic 
attack, whereas the presence of a few long side-chains of 
poly-(ethylene oxide) in the starch will have virtually no 
effect in slowing down a-amylolysis but there may be pos-
sible toxicological effects (see later). 
It had to be stressed that there is, at present, no a p r i o r i 
method by which values may be ascribed to k 2 , k 3 , k 6 and 
k. Rather, it is necessary to determine experimentally the 
substitution pattern at a given M.S., and, from the derived 
values of the various rate constants, postulate the expected 
structure at a different M.S.; this postulate has to be tested 
then by experiment. 
Preparation of HES 
In commercial practice, HES is prepared by the reaction of 
ethylene oxide with starch [15, 16], often in the presence of 
catalysts such as inorganic salts [16], inorganic alkalis [16, 
17] and certain organic bases [18, 19]. Reaction systems 
have been designed to produce an essentially granular prod-
uct by inhibition of gelation, by limiting the amount of 
water present in the reaction system [18, 20], by the ad-
dition of inorganic salts, or by carrying out the reaction in 
certain alcoholic media [21, 22]. HES has also been pre-
pared by the reaction of ethylene chlorohydrin with pre-
gelled starch, in pyridine [23], and with the starch alkoxide 
[24], again in pyridine. Starch/poly-(ethylene oxide) graft 
co-polymers have been prepared [25]. 
With such a large variety of possible methods of preparation 
of HES, it would be most surprising if the relative values 
of the four rate constants k 2 , k 3 , k 6 and k were unchang-
ing. Thus it is possible that samples prepared in different 
laboratories could differ fundamentally in their chemical 
structures, and this may consequently affect their pharma-
cological uses. 
Measurement of M.S. 
Before discussing the various reports on the substitution 
pattern in HES, it is necessary to consider the methods by 
which the M.S. - the most fundamental parameter in HES 
- may be determined. Basically, the methods involve the 
cleavage of the hydroxyethyl ether group with hydroiodic 
acid under a variety of conditions, and subsequent estima-
tion of the reaction products derived from the hydroxyethyl 
group. Using constant boiling hydroiodic acid at atmos-
pheric pressure, cleavage of the hydroxyethyl ether linkage 
yields a mixture of ethyl iodide and ethylene. The method 
of Morgan [26], and the subsequent modification of Lortz 
[27], utilizes this reaction, the ethyl iodide and ethylene 
being estimated volumetrically after reaction with silver 
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nitrate, and bromine in acetic acid, respectively. Van der Bij 
employed 70 0/o  hydroiodic acid to cleave the ether 
group and, by carrying out the reaction under pressure, 
obtained ethyl iodide as the sole reaction product. This was 
extracted from the reaction mixture with trichiorethylene 
and estimated by gas chromatography. Anderson and Zaidi 
employed conditions similar to those of Morgan [26], 
but trapped the reaction products and estimated them by 
quantitative infra-red spectroscopy. Tai et al [30] employed 
a secondary method of analysis, in which the acetaldehyde 
produced from the controlled pyrolysis of HES and starch 
was measured by gas chromatography. Primary calibration 
of the technique was achieved by means of samples stand-
ardized against the method of Lortz [27]. 
None of the above methods are very accurate because the 
extreme conditions used to obtain complete cleavage of the 
ether linkages cause interfering side-reactions. Anderson and 
Duncan [31] attributed this interference in part to the 
oxidation of the polymer backbone. In any case, it appears 
that, under the best possible conditions, an error of ± 
(3-5) 0/0 is to be expected in the determination of the 
hydroxyethyl ether content, and therefore in the M.S. of 
HES: this error is certainly higher than one would suppose 
from the literature. 
Distribution of the Hydroxyethyl Groups 
The different approaches which have been used to charac-
terize the distribution pattern of hydroxyethyl groups in 
HES will be next considered. Experiments on the polymer 
itself have yielded useful, but rather limited information, 
and the most important method of characterization has been 
acid hydrolysis, followed by identification of the products. 
The latter, however, has proved to be an unusually complex 
task. 
The properties of three samples of hydroxyethyl amylose 
of different molar substitutions (0.3 < M.S. < 1.1) were in-
vestigated by Husemann and Kafka [32]. They found that 
the extent of reaction of sodium metaperiodate with the 
polysaccharide decreased during the substitution process. 
The periodate ion oxidizes hydroxyl groups on adjacent 
carbon atoms, which in the case of amylose means that oxi-
dation occurs at carbon atoms 2 and 3. Hence, the signifi-
cance of a decrease in periodate consumption with increas-
ing M.S. is that substitution must take place predominantly 
at carbon atoms 2 or 3, rather than at carbon atom 6. This 
conclusion was supported when it was found that more 
tritylation (i.e. reaction to form the trityl ether) occurred 
with increasing M.S. - it is accepted that this reaction is 
predominantly associated with primary hydroxyl groups 
(i.e. - CH2OH groups). Each substitution introduces a new 
primary hydroxyl group, and if substitution occurred most 
readily at carbon atom 6 of the glucose ring (i.e. on the 
primary hydroxyl group) then the number of primary hy-
droxyl groups would not change, whereas if the favoured 
substitution occurred at the hydroxyl groups on carbon 
atoms 2 and 3 (the secondary hydroxyl groups) the number 
of primary hydroxyl groups would increase. The latter was, 
in fact, observed experimentally, as shown by the increasing 
tritylation. From these results, Husemann and Kafka [32] 
concluded that substitution at carbon atom 2 is favoured, 
but that reaction at positions 3 and 6 increased with in-
creasing M.S. In terms of the parameters used in equations 
(3) - (5), this would imply that k2 is greater than either k 3 
or k 6 , although these latter two rate constants do have finite 
rate constants. The possibility of polysubstitution, i.e. a 
finite value for the rate constant k of equation (6) was not 
considered in this work. 
Schoch [12] gave - without any experimental details - 
the following values for the substitution pattern of HES of 
M.S. -'- 0.9: 60 °/o of the reaction occurred at carbon atom 6, 
20 0/o at carbon atom 2, and 10 0/o at carbon atom 3. This 
would imply that k 6 > k 2 > k 3 , a conclusion radically dif-
ferent from that of Husemann and Kafka [32]. Schoch [12] 
also added that there was no evidence of any complex substi-
tution having taken place i.e. the value of the rate constant 
k 9 was apparently zero. On the other hand, it should be 
noted that his analytical data account for only 90 o/ o of the 
substituent hydroxyethyl groups found to be present, and it 
is possible that the remainder is to be found in the form of 
polysubstituted products. 
Lott and Brobst [33] characterized a series of samples of 
hydroxyethyl amylose (HEA) of varying M.S. After acid 
hydrolysis of the polymer, the products were characterized 
by gas chromatographic separation of their trimethyl silyl 
ethers. Although some difficulty was experienced in sepa-
rating certain of the derivatives from each other (particu-
larly the 3-0-hydroxyethyl-fi-D-glucose from 6-0-hydroxy-
ethyl-a-D-glucose) they found that, for 0.23 <M.S. < 1.03, 
the substitution patterns corresponded to rate constants in 
the order k 2 > k 3 > k 6 . They also pointed out that with 
increasing M.S., increasingly large proportions of the hy-
droxyethyl content were to be found as complex derivatives. 
The latter are, in fact, probably attributable to the presence 
of poly-(ethylene oxide) side chains. 
The products from the acid hydrolysis of a commercial 
sample of HES (M.S. = 0.6) were separated by Bollenback 
et al [34] by paper chromatography, and the relative pro-
portions of each estimated by reaction with hypoiodite [35]. 
These authors concluded that their results were consistent 
with a kinetic scheme for the hydroxyethylation process in 
which k 2 > k 3 > k 6 , and added that there was apparently 
only a low level of disubstitution (ethylene oxide reacting 
with an already-present hydroxyethyl group to form the 
dimeric substitution product —0— CH, - CH, —0— CH, - 
--CH5OH), i.e. k < k3 . The conclusion regarding the low 
level of complex derivatives is somewhat suspect, however, 
because of the experimental technique (paper chromato-
graphy) employed to separate the products - Shyluk et al 
[36] have demonstrated the difficulty in separating mono-
and di-hydroxyethyl glucose derivatives. 
A commercial sample of HES (M.S. = 0.1) was also used in 
the work of Srivastava and Ramalingani [37], who oxi-
dized the HES with periodate (noting that the periodate 
uptake indicated that the main substitution had not taken 
place on carbon atom 6), reduced the resultant dialdehyde 
starch with borohydride, and acid-hydrolyzed the product. 
The hydrolysate was then examined, by means of adsorp- 
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tion and paper-chromatography. Their results were consi-
stent with a kinetic scheme in which k 2 > k 6 > /e3 . No men-
tion was made of complex derivatives - and indeed at the 
low M.S. employed in this work, the amount of such prod-
ucts would be too small for detection by the authors' tech-
niques. 
Anionic graft co-polymers of poly-(ethylene oxide) and 
starch over a very wide range of M.S. were prepared by 
Tahan and Zilkha [25, 38]. In this instance, no detailed in-
vestigation of the relative reactivities of the different hy -
droxyl groups to grafting was carried out, but again per-
iodate oxidation suggested that the reaction occurred pre-
ferentially at the secondary hydroxyl groups (those on car-
bon atoms 2 and 3). 
These literature reports on the distribution of hydroxyethyl 
groups in HES are confusing, and it would appear unlikely 
that the view that substitution takes place mainly at the 
primary hydroxyl group on carbon atom 6 is correct - all 
the other work suggests that the rate constant with the 
highest value is k 2 . However, even when it is agreed that 
k 2 is numerically the largest, some doubt exists as to whether 
or not k 3 or k 6 has the smallest value. Additionally the 
situation is further complicated by the lack of appreciation 
of the possibility of complex derivatives being formed, i.e. 
the relation of /e to k 2 , k 3 and k 6 . 
These different studies show so little agreement that it has 
to be considered that each set of workers has obtained the 
correct distribution of hydroxyethyl groups for their parti-
cular sample, but that the actual chemical structures differ 
from sample to sample, because of slight differences in the 
mode of preparation. 
As we have stressed earlier, the ultimate structure of HES 
is determined solely by the relative values of four rate con-
stants - k 2 , k 3 , k 6 and k, . If the conditions of prepara-
tion of HES can be so altered as to change the relative 
orders of these rate constants, then products of vastly dif -
ferent structure may result. 
The Physical Structure of HES 
Some of the most important parameters which can be used 
to characterize a polymer are measurements of the size and 
shape of the macromolecule. By size, we imply a knowledge 
of both the molecular weight and also the molecular dimen-
sions of the dissolved material. These considerations are of 
vital importance in the use of HES as a blood plasma 
volume expander because ultimately the colloid must be 
ejected from the body via the kidneys, and the rate at 
which this occurs will be determined by the size of the 
macromolecule. 
The physical characterization and solution behaviour of 
hydroxyethyl starch has not been extensively investigated. 
There have been five investigations of the shape and molec-
ular weight distribution of HES in solution, and one report 
of the physical properties of a series of hydroxyethyl amy-
loses. 
Information concerning the shape of molecules in solution 
may be obtained by measuring the molecular weight of the 
polymer by light-scattering or osmotic pressure measure-
ments [39, 40], and relating this to a parameter such as 
viscosity or sedimentation coefficient which measures the 
hydrodynamic volume of the polymer. Extensive reviews 
have appeared [40, 41] detailing the theory and applica-
tions of these measurements to the elucidation of polymer 
shape, but much information may be obtained from an 
examination of the experimentally-obtained parameters in 
the Mark-Houwink relation: 
[] = Ka M 
and the corresponding relation S = Kb M 
where [j] is the limiting viscosity number, S 0 is the sedi-
mentation coefficient at infinite dilution, M is the molecular 
weight, and K,, and Kb are constants for a given polymer-
solvent system. The exponents a and b have values which 
depend (i) on the nature of the polymer, i.e. branched or 
linear, (ii) the shape of the polymer i.e. coil or rigid rod, 
and (iii) the nature of polymer-solvent interactions. 
For viscosity, when polymer-solvent interactions are at a 
minimum (i.e. a Flory theta-solvent) only the first two 
effects govern the inagnitude of a. In this case, if a <0.5 
the polymer is branched; if a = 0.5 the polymer is a flexible 
Gaussian coil, and values of a> 0.5 indicate extension of 
the polymer due to rigidity in the polymer backbone. In 
cases where measurements have been made in good solvents, 
and polymer-solvent interactions play a major part in 
polymer size, various theories have been proposed to allow 
the short and long range interactions to be separated, but 
have been shown by Banks and Greenwood [42] to be 
limited in their application. 
Husemann and Resz [43] fractionated three samples of 
hydroxyethyl amylose by acetone precipitation and meas-
ured the average degree of polymerization (DP) by osmotic 
pressure measurements and related these to the viscosity. 
Recalculating these authors' data gives values of a, which 
vary considerably with M.S. as shown below: 




Extrapolation of these results to the case where M.S. is zero 
would appear to give values of a > 1.0. This would cor-
respond to native amylose existing in solution as a totally 
extended coil, a view contrary to the generally-accepted 
evidence supporting the model of amylose as a flexible 
Gaussian coil [41]. 
In the other physical investigations of the solution prop-
erties of HES, the branched fraction of starch, amylopectin, 
has been used. Little experimental work has been reported 
on the characteristics of the parent polymer, and present 
theoretical treatments are somewhat limited for branched 
polymers in solution. 
The physical characteristics of five samples of HES of M.S. 
in the range 0.83-0.03 were reported by Greenwood and 
Hourston [44]. It was found that the viscosity potential 
of these samples was about a fifth of that of dextran, for a 
comparable molecular weight. 
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An HES with an M.S. value of 0.85 was fractionated by 
Cerny et al [45] by acetone and isopropanol precipitation, 
the number-average molecular weight measured by osmo-
metry and the weight-average molecular weight by light-
scattering, and these parameters related to the viscosity. 
They obtained the equations: 
[,] 
= 5.29 X 10-3 M,0~ 300  
and 	[] = 3.27 X 10- M 351 
Positive values of the virial coefficients were found in both 
light scattering and osmotic pressure measurements. The 
equations indicate the branched nature of the polymer, and 
the disparity between the number average and weight 
average results would seem to be caused by different molec-
ular weight distributions between samples. These authors 
also calculated a branching index by comparison of the 
intrinsic viscosity, radius of gyration, and second virial 
coefficients with those of hydroxyethyl cellulose and ethyl-
hydroxyethyl cellulose, and found that an estimation of the 
expansion factor which measures solvent-polymer inter-
action was not possible using current theories. The com-
parison of hydroxyethyl cellulose and ethyl hydroxyethyl 
cellulose with HES would seem also to be unjustified in 
obtaining the branching parameter, since the required ana-
logue is hydroxyethyl amylose and the nature of the glyco-
sidic linkages in the parent amylose and cellulose has been 
shown [46] to confer quite different properties on the de-
rivatives. 
Granath et al [8] carried out extensive physical characteri-
zation on HES of various M.S. For a sample of chemical 
material of M.S. about 0.6, these authors obtained the re-
lation: [ij] = 2.91 X 10 M 35 . The low exponent was 
attributed to the branched nature of the polymer, and they 
also noted that the viscosity increased with molar substitu-
tion, and attributed this fact to hindered rotation about the 
glycosidic bonds in the substituted polymer. Gel permeation 
chromatography was shown to provide a convenient method 
for the fractionation of hydroxyethyl starch for biological 
purposes. The relation between elution volume and molec-
ular weight was determined, and various models for gel 
permeation were also examined. 
The interaction of HES and dextran with albumin has been 
examined by means of osmotic pressure measurements [10]. 
Cerny et al [10] concluded that both were equally effective 
in plasma expansion. A viscosity study was carried out on 
HES/erythrocyte mixtures, but due to the heterogeneous 
nature of the HES, the authors were reluctant to define 
exactly the ideal size and shape which HES should have 
for the purpose of plasma expansion. 
Thmada et al [47] measured the relationship between mo-
lecular weight, determined by the Archibald method, and 
limiting viscosity number, and obtained the relation: 
[] 
= 4.72 X 10-6 M° 517 
This would indicate a considerable expansion of the highly 
branched polymer in salt solution and is not in accord with 
the observations of Cerny et al [45] or Granath et al [8]. 
These investigations on hydroxyethyl starch show that the 
derivative exhibits the predominant characteristics of the 
parent amylopectin i.e. a low viscosity for a given molec-
ular weight. The broad molecular weight distribution is 
also noteworthy, and would seem to be both a function of 
the branching and of the hydrolysis involved in preparation 
of the derivative. The exact nature of the polymer-solvent 
interaction is unknown, as the results of Husemann and 
Resz [43] could be interpreted to show that polymer-
solvent interaction decreases with increasing substitution, 
and those of Granath et al [8] to show the diametrically 
opposite view. Further investigations on the hydroxyethyl 
derivative of amylose are required to establish the exact 
nature of the effect of the substituents on the solution be-
haviour of the native polymers. 
The Enzymic Degradation of HES 
The resistance of hydroxyethyl starch to a-amylases has 
been recognized for a long time, and was used by Ziese 
[48, 49], to differentiate 3-amylase from the endo a-amy-
lase. These observations were confirmed by Scholander and 
Myrbacle [50] and later by Greenwood and Hourston [44]. 
Husemann and Resz [43] carried out a systematic inves-
tigation of the action of a-amylase on hydroxyethyl starches 
of various M.S., and measured the rate of hydrolysis of 
glycosidic bonds by a-amylase from Aspergillus oryzae. 
They found that as M.S. increased, the rate of hydrolysis 
decreased rapidly, but was still finite at a M.S. value of 
1.03. Since the rate of a-amylolytic attack will be governed 
by the number of unsubstituted glucose residues, it seems 
likely that the substitution pattern described by Lott and 
Brobst [33], where 20 0/o of the glucose residues are un-
substituted at a M.S. of 1.03, is essentially correct. The 
parameter governing susceptibility of hydroxyethyl starch 
to a-amylolytic attack would appear to be degree  o f 
subs t i t u t ion, and in cases where this differs substan-
tially from molar substitution, e.g. in the case of extensive 
poly-substitution, the value quoted for M.S. is likely to give 
a misleading impression of susceptibility to a-amylase action. 
General Properties of HES 
Tahan and Zilleha [25] report that as the M.S. increased 
from 0.4 to 1.0, HES formed by graft polymerisation be-
came progressively more soluble in cold water, and at 
D.S. = 3.0, the products are thermoplastic, and both water 
and alcohol soluble. These polymers would seem to combine 
the characteristics of both the starch granule and poly-
ethylene-oxide, and this was mirrored in their reported 
melting temperatures and alcohol solubility. Staverman [51] 
reported that as M.S. increased, the ability to bind iodine 
was sharply diminished, reflecting perhaps the disrupting 
effect of the substituent groups on the ability of amylose to 
form a helix. This is also reflected in the stability of hydroxy-
ethyl starch under conditions designed to promote crystalli-
sation [52]. 
Conclusions 
The methods for characterization and preparation of HES 
are fairly well developed, but agreement has not yet been 
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After a brief Introductory Section, general methods of characterization of 
starch and its fractions are detailed in Section 2 of this work. The methods of 
chemical and physical investigated employed in later sections are reported, and 
some modifications of general techniques proposed. 
Section 3 presents two special techniques devised to facilitate later experi-
ments. Firstly, a method of estimation of the starch-content of a cereal grain is 
described. Starch is extracted from previously macerated plant material by treat-
ment with calcium chloride solution (d = 1.3 g/ml) at 1300 - 135 °C. A complete 
extraction of all starches, including those of high amylose-content, is achieved, 
and the extracted starch estimated by a combination of highly-specific enzymes. 
Secondly, an extensively-modified technique of semi-micro, differential, potentlo-
metric iodine-titration is proposed. A simplified electronic circuit is described 
utilizing a digital voltmeter as a null detector. Control experiments are described 
which have established analytical conditions allowing the estimation of the iodine-
binding capacity of starch and its fractions to an accuracy of + 1.5%. 
The next Section describes a number of experiments on axnylomaize starch. After 
a short review outlining the outstanding problems, a simple method of isolating the 
anomalous material from this starch is described. A partial characterization of 
this low-molecular weight material was performed and revealed that some of the 
branched fraction was fundamentally different from normal maize ainylopectin. The 
starch from the pollen of annjlomaize was examined in detail and shown to be similar 
in nature to the parent endosperm starch. 
In Section 5, the biogenesis of starch in general and barley starch in part-
icular is investigated. The character of two barley starch genotypes during growth 
is detailed and this information related to general theories of biosynthesis. The 
nature of compound starch granules in varieties of pea and potato is investigated, 
and a hypothesis concerning the formation of starch granules is advanced. 
The final Section of this work, reviews the chemistry- of the hydroxyethyl 
derivative of starch with special relation to its use as a blood plasma expander 
and cryoprotective agent for human erythrocytes. Serious deficiencies in the 
present knowledge of this polymer are revealed. The rest of this Section presents 
some experiments performed to clarify these points of dispute, a model of hydroxy-
ethyl starch is proposed, and the relevance to its intended pharmaceutical use 
discussed. 
Use other side if necessary. 
